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3BTEKTHKA  HA  PYBE>KE  TblCflHEJlETHM 

KD.H.Tapan 

Hai^noHajibHafl  MeTannypninecKan  AKa,qeMMfl 

r.flHenponeipoBCK,  YicpaiiHa 

nepBan  HayHHO-TexHMHecKafl  KOHCpepeHtAin  no  Teop m  m 
TexHonorun  SBTeKTHMecKnx  cnnaBOB  cocTonnacb  b  flHenponeTpoBCKe  b 
1979  rofly 

OnepeAHaa,  nnTan  KOH(})epeHmiH  no  QBTeKTMHecKMM  cnnaBaM 
npoBOAMTC^  flHenponeipoBCKOM  aBTeKTiinecKoPi  LiiKonoPi  b  2000-m  roAy., 
T.e.  b  nocneAHew  roAy  saBepLuaioLAerocn  XX  seKa. 

flawe  b  caMOM  o6meM  bma®  TpyAHO  oxapaicrepM30BaTb  tot 
nporpecc  b  HaynHOM  no3HaHiiii  Miipa  m  6a3wpyK)meMcn  Ha  HeM  pa3BHTmi 
oSLAecTBeHHoro  npoii3BOACTBa,  KOTOpbw  6bin  AOCTiimyT  b  ABaAMaTOM 
BeKe.  BamiePiuiiie  h ayn h o-t exH  imecKii e  CBepmeHim  aroro  BeKa  m  npex^e 
Bcero  KOMnbtOTepHan  pesonioAMH  coBpeMeHHOCTH  Hepa3pbiBHO  CBH3aHbi 
C  pa3BMTH6M  MaTepiianOBeABHMfl,  B  HaCTHOCTM,  O  H3yH6HHeM  pOCTa 
KpwcTamioB  b  pacnnaBax.  M3BecTHO,  CKonb  nnoAOTBOpHbiMM  0Ka3anwcb 
MccneAOBaHvin  HanpaBneHHoPi  OAHOCpa3HOM  KpncTannn3a  141111. 
Pe3ynbTaTbi  gtiix  wccneAOBaHiiPi  nocnyxwnii  ochoboh  npii  pa3pa6oTKe 
Teop m  H  TeXHOJIOrMH  30HH0r0  paclDMHHpOBaHMn,  MeTOAOB  Bblpai±|HBaHMfl 
6e3Aec(3eKTHbix  KpiiCTannoB  11,  b  KOHeHHOM  cneTe,  o6ycnoBmin  pa3BMTiie 
coBpeMeHHofi  aneicrpOHinui  11  SasiipyiOLmixcn  Ha  HePt  oTpacnePi  hoboPi 
TeXHMKH. 

Pa3BHTne  TeopMM  cnnaBOB  b  3aBepiiiaK)LMeMcn  CToneTiiii  BHecno 
BecoMbiPi  BKnaA  h  b  H3yHeHMe  MHoroc(}a3HoPi  Kpiicrann  1133141111,  b  tom 
micne  AHCpc}}y3iiOHHoro  pacnaAa  pacnnaBOB  c  o6pa30BaHiieM  3BTeicTMK  - 
TOHKOAH4>C(DepeHmipOBaHHblX  MHOrOC{)a3HblX  CTpyKTypHblX 

cocTaBnniOLAHX  cnnaBOB. 
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CjlO>KHa5R  apXMTeKTOHMKa  3BTeKTMK  flflUTenbHOe  BpeMH 
3aTpy,qH^na  co3flaHne  afleKBaTHOM  MOfleiw  SBTeKTMHecKoro  3epHa. 
TnySoKO  m  BcecTopoHHe  Bonpocbi  reHe3nca  m  Mopcponomu 
SBTeKTMMecKoro  3epHa  6bmn  pa3pa6oiaHbi  bo  btopom  nonoBMHe  BeKa 
yKpanHCKOM  MeTannorpacjDMMecKOM  lukojiom,  ocHOBaHHoPi  b 
flHenponeipOBCKe  K.n.ByHMHbiM.  H3yneHne  nyryHOB  m  ne(qe6ypMTHbix 
CTanew,  cmiyMMHOB  m  flKDpaneM,  3BTeKTMHecKnx  cnnaBOB  Ha  ocHOBe 
cepe6pa,  Mean,  TmaHa,  LjMHKa,  cBMHpa,  neiporpacfciMHecKHx  m 
OpraHMHeCKMX  CMCTeM  BblHBMJIM  oSl^He  3aKOHOMepHOCTH  Cf)OpMMpOBaHHfl 
3BT6KTMK. 

O6o6u^aa  pe3yjibiaTbi  othx  o6uunpHbix  MCcneflOBaHHPi, 
fO.H.TapaH  m  B.M.Ma3yp  pa3pa6oTann  o6myK)  KOHLjeriLiMK) 
3BTeKTHHGCKoro  npeBpaujeHHfl  b  cnnaBax,  KOTOpaa  M3no>KeHa  b 
ocHOBononarajoiqeM  MOHorpacfrmi  "CTpyicrypa  3BTeKTMHecKnx  crmaBOB" 
(MocKBa,  M3fl-BO  "MeTannyprHH”,  1978)  m  nocTOHHHO  nonojiHaeTCH 
HOBbiMM  MaTepnanaMM,  ocBeu^aeMbiMM  b  HaynHO-TexHHnecKoPi 
nepMOflMKe,  b  Tpyqax  KOHcfrepeHMMPi  m  CMMno3nyMOB. 

Mo>KHO  KOHCTaTMpOBaTb,  HTO  6yHMHCKOM  HayHHOM  LUKOJIOH  BO 
BTOpoPi  norioBHHe  XX  BeKa  npoPifleH  nyrb  ot  nepBOHanaribHO  LtmpoKO 
pacnpocTpaHeHHoro  BOcnpHHTiifl  3BTeicrMKM  KaK  MeriKOKpMCTanrmHecKOM 
MexaHMHecKOM  CMecki  cf)a3  ao  a,qeKBaTHbix  npeflCTaBiieHMM, 
KBannc|)m4npyK)Li4MX  flBOMHyio  SBTeKTMKy  KaK  npoflyicr  napHoro 
KOonepaTMBHoro  pocia  AeHApmoB,  b  xo,qe  Koioporo  B03HMKaK)T  KpynHbie 
TOHKOflnc|)cf)epeHL4MpoBaHHbie  3epHa,  Hado  MMeHyeMbie  SBTeKTMHecKMMM 
KOJIOHMflMM, 

K  co>KaneHMK),  npeflcrraBneHi/ifl  06  SBTeicTMKax,  KaK  o 
MexaHMHecKMx  MeiiKOKpHCTajinMHecKMx  CMecHX  cf>a3  h  b  HacTOHii^ee 
BpeMfl  pacnpodpaHeHbi  b  MOHorpacfwHecKoPi  m  b  yneGHOM  nMTepaType. 
HanpHMep,  MiiHHCTepcTBOM  o6pa30BaHH«  Pocchmckom  cj>eflepaL4MM 
peKOMeHAOBaH  ana  CTyfleHTOB  MeiannyprHHecKMx  m 

6  - - - 
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MaiuMHOCTpoMTenbHbix  By30B  yneSHUK  no  MaiepnanoBefleHMio, 
BbinymeHHbm  M3flaTejibCTB0M  MHCHC  8  1999  rofly.  y<ne6HHK  HanucaH 
Me^yHapoflHbiM  KonneKTMBOM  aBTOpOB  b  cociaBe  flByx  poccmmckmx 
(KD.fl.CojiHMeB,  E.H.npnxMH)  m  nonbCKoro  (O.BonTKyH)  npocpeccopoB  m 
TpaicryeT  3BTeKTW<y  KaK  MexaHnnecKyK)  MenKOKpucTajinMHecKyK)  CMecb. 

Me>Kqy  TeM,  BepHoe  noHHMaHMe  MexaHH3Ma  m  KMHeTMKw 
SBTeKTMHecKoro  CTpyKrypoo6pa30BaHM«  no3BorifleT  He  TonbKO  BHoemb 
BKiiaA  b  flanbHeMLuee  pa3BMTne  Teopmi  cnnaBOB,  ho  m  AoGwBaTbca 
BecoMbix  pe3ynbTaTOB  b  co3AaHHM  v\  npaKTHnecKOM  ncnonb30BaHvtn 
HOBbix  crinaBOB  SBTeKTMHecKoro  Tuna.  flpHMepOM  TOMy  cnywaT 
MHoroMHcneHHbie  TeopeTHMecKMe  m  npaKTMHecKMe  M3biCKaHna, 
n3no>KeHHbie  uccneAOBaTeri^MM  pa3rmnHbix  HaynHbix  lukoji  Ha 
HacTomAew  K0Hcf>epeHt4MH. 

IlpHBeTCTBy^  yMaCTHMKOB  KOHC|)epeHAMH  OT  MMeHH 
OpraHM3aqMOHHoro  KOMmeTa  h  Bbipawaw  hto  AUCKyccviH  no 

MHOrMM  y3AOBblM  BOnpOCaM  Teop  m  M  npaKTMKM  SBTeKTMHeCKOrO 
npeBpaiAeHMH  noABeAeT  morn  npoPiAeHHOMy  b  XX  cioneTHu,  HaMeTMT 
nepcneKtHBHbie  HanpaBJieHMH  AanbHeMLUMx  MCCJieAOBaHiiM  m  t3kmm 
o6pa30M  BHeceT  cbom  BiaiaA  b  pa3BMTne  o6mePi  Teopnn  MHorocf)a3HOM 
KpncTarmn3aMMM. 
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EUTECTIC  ALLOYS  OF  THE  Cr-Nb-C  SYSTEM 

O.  /.  Dovbenko,  A.  A.  Bondar,  T.  Ya.  Velikanova, 

N.  I.  Tsyganenko,  M.  P.  Burka,  O.  O.  Bilous,  and  L.  V.  Artyukh 

I.  M.  Frantsevich  Institute  for  Problems  of  Materials  Science 
Kyiv,  Ukraine 

In  earlier  investigations  of  the  Cr-Nb-C  system  the  isothermal 
sections  at  1050  [68Fed]  and  1350  °C  [65Ras]  were  constructed.  The 
data  on  melt  range  of  the  system  are  not  known. 

Crystal  data  for  the  phases  involved  by  the  present  work  are 
given  in  Table  1 .  The  phase  diagrams  of  the  binary  systems  were  used 
according  to  Massalski's  handbook  [90Mas].  For  the  temperatures  of 
invariant  equilibria  in  the  Cr-C  system  the  data  of  [87Yer]  were  preferred. 
Table  1 .  Crystal  structure  for  phases  involved  by  the  present  work. 


Phase 

Pearson 

symbol 

Space 

group 

Prototype 

(Cr) 

cl2 

Im3m 

W 

Cf23C6 

cF116 

Fm3m 

yNbzC 

hP3 

PSJmmo 

sFe2N 

NbCi_* 

cFB 

Fm  3  m 

NaCl 

^(|3NbCr2) 

hP12 

P  63/171  me 

MgZn2 

X2(pNbCr2) 

cF24 

Fd3m 

MgCu2 

The  Cr-Nb-C  alloys  were  prepared  in  an  arc  furnace  with  a  non¬ 
consumable  tungsten  electrode  on  a  water-cooled  cooper  hearth  in  a 
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gettered  argon  atmosphere.  The  composition  of  the  aNoys  studied  are 
presented  in  Fig.  1.  The  initial  materials  were:  electrolytic  chromium 
refined  by  annealing  in  hydrogen  (-99.9  mass  %  Cr)t  small  bar  niobium 
(99,7  mass  %  Nb),  and  atomic  graphite  (  0.05  mass  %  ash,  0.023 
mass%S ). 

As-cast  alloys  and  alloys  annealed  at  subsolidus  temperatures 
(for  30  min  at  about  15-40°C  just  below  solidus,  followed  by  quenching) 
were  investigated  by  metallography,  powder  X-ray  diffraction,  and 
electron  probe  microanalysis;  Phase  transformation  temperatures  were 
determined  by  the  Pirani-Alterthum  method  and  differential  thermal 
analysis. 

The  phase  (NbC)  forms  equilibria  with  all  other  ones,  except  for 
(Nb),  and  in  the  all  three  two-phase  regions  with  congruently  melting 
phase  there  are  the  folds  of  maximal  temperatures  on  the  ruled  solidus 
surfaces,  corresponding  to  quasi-binary  eutectics. 

The  phase  diagram  in  the  vicinity  of  quasi-binary  eutectic 
(Cr)+(NbC)  were  examined  in  detail  (Fig.  1).  The  tie  line  corresponding  to 


(NbC)+(Cr7C3)+(Cr«C6) 
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Fig,  1.  The  phase  diagram  of  the  Cr-Nb-C  system  in  the  vicinity  of 
quasi-binary  eutectic  (Cr)+(NbC).  Circles  show  the 
composition  of  examined  alloys. 

this  quasi-binary  eutectic  is  located  in  the  section  Cr96Nb2-NbCo.s- 

The  alloys  based  on  eutectic  (Cr)+(NbC)  should  be  of  interest  in 
practice  as  "in  situ"  composite  with  chromium  matrix  and  fine  structure. 
The  measurement  of  high-temperature  Vickers  hardness  up  to  1000°C 
brings  in  evidence  of  high  level  mechanical  properties.  Up  to  500°C  the 
values  were  about  4500-5000  MPa.  The  hardness  slowly  droped  higher 
600°C,  reaching  3000  MPa  at  800°C  and  1000  MPa  at  1000°C. 

65Ras:  H.  Rassaerts,  F.  Benesovsky,  H.  Novotny,  Planseeber. 
Pulvermet.,  3  (1965)  199. 

68Fed:  T.F.  Fedorov,  N.M.  Popova,  L.V.  Gorshkova  et  ai.,  Poroshkovaya 
Metallurgiya,  3  (1968)  42. 

87Yer:  V.N.  Yeremenko,  T.Ya.  Velikanova,  A.A.  Bondar,  Poroshkovaya 
Metallurgiya,  5  (1987)  70;  Soviet  Powder  Metal.  Metal  Ceram., 
26  (1987)409. 

90Mas:  T.V,  Massalski,  P.R.  Subramanian,  H.  Okomoto,  L.  Kasprzak 
(eds.),  Binary  Alloy  Phase  Diagrams  (2-nd  ed.)t  ASM 
International  Materials  Park,  Ohio  (USA),  1990,  3  vols. 


©  O.  /.  Dovbenko,  A.  A.  Bondar,  T.  Ya.  Velikanova,  N.  I.  Tsyganenko,  M.  P.  Burka,  O.  O. 
Bilous,  and  L.  V.  Artyukh ,  2000 
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ON  THE  CORRECTNESS  SOME  BINARY  DIAGRAMS  WITH  NON¬ 
VARIANT  EQUILIBRIUM 

V .  Mazur 

National  metallurgical  Academy  of  Ukraine 
Dnepropetrovsk,  Ukraine 

Historically  phase  equilibrium  diagrams  have  begun  to  be 
created  as  the  diagram  of  meltability.  According  to  used  technique  of  the 
thermal  analysis  on  a  plane  c-T  rendered  a  position  of  critical  points 
found  on  experimental  curve  of  cooling  of  alloy.  Thus  at  cooling  of  alloy 
the  geometrical  place  of  the  most  high-temperature  point  appropriate  to 
the  beginning  of  solidification,  was  determined  as  a  liquidus  line.  A 
geometrical  place  of  point  appropriate  to  the  end  of  solidification  -  as  a 
solidus  line  etc.  Received  areas  on  the  diagrams  of  meltability  were 
indicated  as  areas  of  existence  of  the  quite  certain  phases. 

Rough  development  of  geometrical  thermodynamics  which  has 
followed  after  works  of  J.Gibbs  has  resulted  that  the  diagrams  of 
meltability  began  convenient  to  treat  as  the  phases  equilibrium 
diagrams.  It  has  made  possible  effectively  to  apply  a  Gibbs  rule  of 
phases,  rule  of  pieces,  has  resulted  in  necessity  to  distinguish  stable  and 
metastable  phases  and  phase  equilibrium  for  the  given  system  and  so 
on. 

Such  simple  substitution  of  concepts  has  resulted  in  a  serious 
consequence:  the  lines  of  a  beginning  and  end  of  phase  transition  on  the 
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diagram  of  meltability  have  begun  to  be  identified  with  lines  describing 
parameters  phase  equilibrium  in  the  given  system. 

For  expired  more,  than  100  years  a  technique  of  construction 
of  the  phase  diagrams  were  essentially  advanced  and  the  borders  of 
phase  areas  on  them  really  have  began  to  describe  the  parameters  of 
phase  equilibrium.  However  interpretation  of  the  diagrams  phase 
equilibrium  in  a  lot  of  cases  is  still  at  level  of  the  diagrams  of  meltability. 
Let's  give  an  example  of  this.  The  statement,  that  liquidus  temperature  is 
a  temperature  of  beginnings  of  solidification  of  cooled  melt  is  widely 
popularized  not  only  in  educational  [1],  but  also  in  encyclopedic  [2] 
literature.  In  other  cases  the  liquidus  temperature  is  defined  as 
((theoretical  temperature  of  solidification»  [3]  (see  page  45).  Meanwhile 
by  definition  the  phase  equilibrium  and  the  phase  transformation  are 
mutually  excluding  concepts.  At  phase  equilibrium  there  is  no 
thermodynamic  stimulus  for  phase  transition,  hence  last  one  is 
theoretically  impossible.  Therefore  in  accordance  to  thermodynamics  of 
equilibrium  states  the  diagrams  of  phase  equilibrium  essentially  can  not 
be  applied  to  the  description  of  phase  transitions  kinetics. 

After  development  of  thermodynamics  of  irreversible  processes 
[4],  generalising  the  concepts  of  classical  thermodynamics  and  known 
laws  of  irreversible  processes,  it  began  possible  strictly  enough  to  prove 
an  opportunity  a  technique  of  application  of  the  phase  equilibrium 
diagrams  to  the  analysis  not  only  tendency,  but  also  some  quantitative 
characteristics  of  phase  transformations  [5,6]. 

The  application  of  a  principle  local  equilibrium  for  the  analysis  of 
evolution  of  system  in  a  field  of  temperature  gradient  allows  to  define 
thermodynamic  stimulus  of  transformation  i.e.  gradient  of  concentration 


12 


©Eutectica-V 


SBTeKTHKa  V 


in  the  given  phases  and  not  only  to  specify  a  tendency  of  process  and  to 
reveal  its  limiting  part,  but  also  to  test  a  correctness  of  the  given  phase 
diagram  as  a  whole. 

Let’s  illustrate  it  by  discussion  of  three  types  of  the  diagrams 
phase  equilibrium  with  non-variant  eutectic,  peritectic  and  ekstectic 
equilibrium  -  fig. 1. 

To  cause  three-phase  transformation  in  given  system  it  is 
necessary  to  remove  it  from  non-variant  equilibrium  state.  In  other  words 
the  concrete  alloy  is  necessary  overcool  below  temperatures  of 
equilibrium  by  value  AT. 


Fig.1.  The  phase  diagrams  with  eutectic  (a),  peritectic(b),  and 
ekstectic  (c)  equilibrium. 

According  to  a  principle  local  equilibrium  of  irreversible 
processes  in  spite  of  the  fact  at  change  of  temperature  the  equilibrium  in 
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system  as  a  whole  is  broken,  in  small  volumes  on  interphase  bound  the 
local  equilibrium  of  phases  is  quickly  established. 

Hence  in  all  three  alloys  overcooled  by  AT  lower  of  non-variant 
equilibrium  temperature  the  following  local  concentration  of  phases  will 
be  established: 


phase 

phase  boundary 

concentration 

a 

a/p 

Ci 

p 

.  p/a 

C2 

a 

a/L 

C3 

p 

P/L 

C4 

L 

L/a 

Cs 

L 

L/P 

C6 

The  concentration  of  a  liquid  phase  far  from  front  of  phase 
transformation  remains  the  same  that  was  at  tree-phase  equilibrium,  i.e. 
c7  .The  distinction  of  concentration  on  various  phase  bounds  in  the  same 
phase  will  cause  a  concentration  gradient  del ek,  being  thermodynamic 
force  stimulating  diffusion  flows  of  atoms  of  components  and  phase 
transitions. 

In  a  case  of  eutectic  transformation  in  an  alloy  1  before  front  of 
solidification  of  a-  and  p-phases  a  liquid  is  simultaneously  supercooled 
by  atoms  of  A  and  B  components  by  value  of  pieces  7-5  and  6-7 
accordingly,  that  stimulates  simultaneous  solidification  of  both  eutectic  a 
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and  p-  phases  .During  solidification  of  peritectic  II  and  ekstectic  ill  alloys 
the  liquid  phase  before  solidification  fronts  of  both  crystal  phases 
appears  supersaturated  by  component  A  by  value  5-7  and  6-7 
accordingly,  that  should  stimulate  growth  of  both  these  phases.  Actually, 
as  is  known,  in  both  systems  at  overcooling  AT  the  low-temperature  oc- 
phase  grows,  high-temperature  p-  phase  dissolves.  However  analysis  by 
method  of  thermodynamics  of  irreversible  processes  shows  that  in 
peritectic  and  ekstectic  systems  diffusion  flows  in  a  liquid  phase  should 
interfere  with  dissolution  high-  temperature  p-phase. 

It  is  possible  to  try  to  explain  this  process  by  action  diffusion  flow 
in  a  solid  p-phase  caused  by  distinction  of  its  equilibrium  concentration 
on  bounds  with  a  liquid  (C4)  and  with  a-phase  (C2). However  in  a  peritectic 
case  c4>c2  (stimulus  for  p-phase  growth),  and  in  ekstectic  system  c4<c2 
(stimulus  for  p-phase  dissolution),  nevertheless  in  both  systems  the  p- 
phase  dissolves. 

It  puts  a  question  on  a  correctness  of  specified  diagrams  phase 
equilibrium. 

The  application  of  a  method  of  isothermal  solidification  of 
peritectic  alloys  has  allowed  to  study  influence  of  temperature  of  initial 
heating  on  the  laws  of  phase  transitions. 

As  it  shown  in  [7]  in  system  Al-Si  after  insignificant  overheating 
(830  °C)  of  melt  above  a  point  of  liquidus  typically  peritectic 
transformation  L-»L+  >k  ->L+  co  realize.  However  after  overheating 
900°C  in  interval  of  isothermal  specified  time  15-100  s  the  nuclation  and 
growth  of  solid  >K-phase  occur  but  at  the  further  increase  of  time 
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endurance  the  primary  >k  -crystals  complete  dissolve  L+>k~*L  It  is 
significant  to  note  that  during  dissolution  of  high-temperrature  >K-phase 
the  low-temperature  ©-phase  is  absent.  Hence  there  can  not  be  speech 
about  peritectic  transformation. 

The  jumps  of  properties  are  disclosed  on  the  polyterms  of 
density  and  viscosity  of  the  same  liquid  alloy  at  temperature  870-880°C 
[8,9]  and  that  is  treated  as  an  attribute  of  structural  reorganization  of  a 
liquid  phase.  Therefore  it  is  possible  to  assume  that  the  distinction  of 
phase  transformation  kinetics  at  various  initial  melt  overheating  is 
caused  by  distinction  of  initial  liquid  phase  structure. 

Thus  high-temperature  >K-phase  can  be  in  equilibrium  with  high- 
temperature  liquid  phase  Li  while  the  low-temperature  ae-phase  can  be  in 
equilibrium  with  low-temperature  liquid  phase  L2.  If  during  isothermal 
endurance  at  the  presence  of  high-temperature  >K-phase  the  high- 
temperature  liquid  phase  Li  turns  to  low-temperature  liquid  phase  L2the 
phase  equilibrium  is  broken  on  the  boundary  &  /  L2  also  a-phase 
dissolves. 

Therefore  both  analysis  of  phase  diagrams  by  irreversible 
processes  by  thermodynamics  method  and  experimental  data  on  the 
kinetics  of  phase  transformation  (for  peritectic  systems)  allow  express  a 
doubt  about  correctness  of  diagrams  with  peritectic  and  ekstectic 
equilibrium.  By  ail  the  phase  equilibrium  with  changing  liquid  phases  is 
reflected  at  each  diagram.  If  it  is  so  those  two  diagrams  are  incorrect 
because  assume  four-phase  equilibrium  ae<=>©<=> L^  L2  Well  known  that 
it  contradicts  to  Gibbs  phase  rule.  Apparently  here  is  pertinently  to 
consider  two  diagrams  imposed  one  on  another  -  stable  and  metastable. 
As  the  temperature  border  of  metastability  is  close  to  peritectic  or 
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ekstectic  horizontals  it  is  clearly  that  for  high-temperature  area  the  low- 
temperature  part  of  diagrams  is  metastable  and  vice  versa. 

Thus  there  is  problem  of  graphic  interpretation  of  equilibrium 
phase  diagrams  with  structural  transformation  in  liquid  phase  caused  by 
change  of  temperature.  In  contrast  to  systems  where  the  strutural 
transformation  in  liquid  phase  are  caused  by  changes  of  concentration 
(with  monotectic  and  sintectic  equilibrium)  and  which  are  investigated 
full  enough  the  problem  of  geometrical  thermodynamic  of  peritectic  and 
ekstectic  equilibrium  is  put  obviously  for  the  first  time. 
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OnPEflEJlEHUE  KOHMEHTPAMHOHHO-TEMnEPATyPHblX 
IIAPAMETPOB  3BTEKTHHECKOrO  nPEBPAlHEHMfl 
L  <=>  a-AI  +  Mg2(SixGe1(.x)  B  METbIPEXKOMnOHEHTHOI?l 
CMCTEME  Al-Mg-Si-Ge 

O.M.Bapadauj 3,  fO.B.MunbMaHb,  M.B.BocKoGouHuif,  H. fl. Kop>K08ab, 
T.H.HesKan3 

a)  HHCTWTyT  MeTannoc()M3MKM  HAHY 
r.  KneB,  YKpanHa 

b)  HHCTMTyT  npobneM  MaTepnanoBefleHMfl  HAHY 
r.KweB,  YKpanHa 

BbmonHeHO  SKcnepuMeHTaribHoe  nocipoeHMe  flwarpaMMbi 
nnaBKOCTM  b  anjoMMHMeBOM  ymy  neTBepHow  flwarpaMMbi  coctohhmh  Al- 
Mg-Si-Ge.  Ocoboe  BHMMaHne  yaeneHO  M3yMeHMfo  KOHLjeHTpaqMOHHO- 
TeMnepaTypHoPi  obnacTM  crmaBOB,  b  KOTopbix  nponcxoAMT 
cpopMupoBaHwe  aBTeKTvmecKOM  CTpyKjypbi  L  <=>  a-Al+Mg2(SixGe1.x), 

MeTOflaMM  TepMMqecKoro,  .qnc^cJjepeHMManbHoro  TepMMnecKoro  m 
MeTannorpacfiMHecKoro  aHann3a  6bmn  M3yMeHbi  cnnaBbi  b 
KOHpeHTpai^MOHHOM  TeTpaaflpe  Al-Mg-Si-Ge,  cociaBbi  KOTopbix 
pacnojio>KeHbi  Ha  ceneHMax  c  pebpoM  Al-Mg  m  pa3nnMHbiM 

cooTHOLueHMeM  Si:Ge,  paBHbiM  0,2,  1  m  5.  B  Ka>KflOM  H3  Tpex  ceneHHM 
6bma  nocTpoeHa  jimhhh  MOHOBapwaHTHoro  aBTemiHecKoro 
npeBpau^eHM^  L  <=>  a-AI  +  Mg2(SixGei-x).  Ha  ocHOBaHHM  nonyneHHbix 
flaHHbix  nocTpoeHa  noBepxHOCTb  SBTeicmHecKoro  npeBpameHHa  b 
HeTbipexKOMnoHeHTHoPi  CMCTeMe.  3ia  noBepxHOCTb  ripaKTHHecKM 
nMHePiHa  b  ceneHMHx,  napannejibHbix  pebpy  Si-Ge,  w  npeflCTaBrmeT 
coboii  napa6ony  b  ceneHMax  c  oSu^mm  pebpoM  Al-Mg.  B  nocneflHeM 
cnynae  cociaB  3BTeKTHKM  c  MaKCMManbHoPi  TeMnepaTypoPi  nnaBJieHMH  He 
GOBna^aeT  co  CTexiiOMeTpMHecKiiM  pa3pe30M  AI-Mg2(SixGe1.x)  m  CMeLqeH 
OTHOCHTenbHO  Hero  b  CTopoHy  MamweBoro  yrna  flwarpaMMbi  coctohhhh. 
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flnH  Ka>Kqoro  M3  stmx  ceneHMM  6binn  onpefl^neHbt  rpaHMMbi  oSnacTM 
flByxc()a3Hbix  npn  KpMCTannM3aL|MW  a-Af*Mg2(SixGei:*}  cnnaBOB.  3Ta 
o6nadb  CMeujeHa  b  CTopoHy  MamweBoro  yma,  hto  oSycnoBjieHO 
3HamiTenbHO  So/ibLueM,  neM  y  KpeMHwn  v\  repMaHMn,  pacTBopMMOCTbK) 
Mamufl  b  arnoMMHMM. 

flBOMHaa  3BTeKTMKa  HeTblpeXKOMnOHGHTHOM  CMCTeMbl  Al-Mg-Si- 
Ge  othocmtch  k  orpaHeHHO-HeorpaHeHHOMy  Knaccy,  pod  KOTopoPi 
HaHMHaeTCfl  c  o6pa30BaHwn  m  flanbHeMiuero  pocTa  KpMCTannuKa 
HHTepMeiannufla  Mg2(SixGe1.x).  3aTeM  M3  ero  BeptunH  nonBnnjoTcn 
OTpOCTKM  M  pa3BMBaeTCfl  C06CTBeHH0  3BTeiCTMMeCKafl  KOJIOHMfl. 
Mop4>ojiorna  3BTeKTHHecK0M  CTpyicrypbi  3aBHcm  ot  cooTHOiueHMB  Si;Ge 

M  !13MeHfleTCfl  OT  HWCTO  BOJIOKHMCTOM  B  TpOMHOM  CMCTCMe  Al-Mg-Ge  fl 0 
nnactMHHaToPi  b  cucieMe  A!-Mg-Si. 

noKa3aHO,  hto  TeMnepaiypa  nnaBneHMa  TpoPtHoPi  3BTeKTMKM 
AI+MgatSixGe^xJ+MgsAla  npaKrunecKM  He  MeHneTcn  b  saBMCMMOCTH  ot 
cooTHomeHH^  Sj:Ge.  OTCiOAa  cneflyeT,  hto  b  KOHLjeHTpaLjMOHHOM 
TGTpasApe  Al-Mg-Si-Ge  b  ceneHHnx  c  o6u\\am  peOpoM  Al-Mg  m  b 
rpaHMHHbix  TpoMHbix  CMCTeMax  Al-Mg-Si  m  Al-Mg-Ge  nwmn 
MOHOBapwaHTHoro  aBTeKTHHecKoro  npeBpaiAeHMH  WMeeT  6nn3Kne 
TeMnepaTypHO-KOHueHTpamiOHHbie  napaMeTpbi.  TeMnepaTypa 
nnaBJieHMH  tpomhoh  3BTeKTMKM  AI+Mg2(SixGei.x)+(SixGe1.x) 
He3HaHMTenbHO  yMeHbiuaeTCH  BnnoTb  ao  cooTHOujeHMH  Si:Ge=1:1,  a 
noTOM  pe3KO  0HM>KaeTCH  c  yBeriHHeHMeM  KOHijeHTpaLjMM  Ge  ao 
TeMnepaTypbi  nnaBneHWR  tpomhom  SBTeiaMKM  AI+Mg2Si+Si  (555°C). 

nooyHeHHbie  pe3ynbTaTbi  no3BonnK)T  onpeAenMTb  b 
HeTbipexKOMnoHeHTHoii  cviCTeMe  Al-Mg-Si-Ge  cocTaBbi  AByxcj)a3Hbix 
cnnaBOB,  MMetomiix  MaKCMManbHyto  TeMnepaTypy  h  MMHHManbHbiw 
HHTepBan  nnaBneHMH,  w  ncnonb30BaTb  mx  KaK  ocHOBy  Ann  pa3pa6oTKM 
HOBbix  >KaponpOHHbix  KOHCTpyKLiMOHHbtx  MaTepnanoB. 

©  O.M.BapaGatu,  fO.B.MunbMaH,  M.B.Bocko6ouhuk,  H.d.KopwoQa,  TMUeaKaa,  2000r. 
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TEMnEPATyPHO-KOHMEHTPALlMOHHblE  OEJ1ACTH 
METAGTAEMJlbHOCTM  KAPBMflA  M7C3  B  CMCTEME  Fe-C-Cr 

Jl.fO.  1/loHoea 

HamiOHanbHaa  MeTannypmnecKaa  aKafleMM^  YKpanHbi, 
r.flHenponeTpoBCK,  yKpanHa 

B  nocneflHee  BpeMH  flociaTOHHo  MHoro  BHMMaHwa  yAenneTcn 
bjih^hmk)  nepexoflOB  MeTacTa6nnbHbix  c})a3  b  cia6nnbHoe  cocTORHiie  Ha 
KOHeHHyK)  cTpyiaypy  cnnaBOB.  B  stow  cbh3m  npeAdaBnaeT  MHTepec 
TpoMHaa  CMCTeMa  Fe-C-Cr,  KOTopan  cnyxoiT  ochobow  3HaHmejibHoPt 
nacTM  copTaMeHTa  6enbix  m3hococtomkmx  nyryHOB.  LUiipoKOMy 
ncnonb30BaHHK)  BbicoKoxpoMMCTbix  HyryHOB  m  cnnaBOB  cnocoScTByeT 
KpncTannn3aqnn  OBTeKTMK  Ha  6a3e  flByx  cnemianbHbix  xpOMHCTbix 
Kap6nflOB:  Ky6nMecKoro  Kap6nfla  M23C6  m  TpwroHanbHoro  Kap6nfla  M7C3. 
riosTOMy  onpeAeneHHe  neiKiix  rpaHwq  TeMnepaiypHO- 

KOHpeHTpai4MOHHbix  o6nacTeM,  b  KOTOpbix  B03M0>KHa  TpaHccJ)opMa4Mn 
MeTacTa6nnbHbix  npoMex<yTOHHbix  c|)a3  b  cia6nnbHbie  npeACTaBnneT 
npaKTMMecKMM  HHTepec. 

CyiAecTByeT  6onbinoe  KonkinecTBO  BapwaHTOB  tpomhom 
flMarpaMMbi  Fe-C-Cr,  KOTopbie  mo>kho  pa3flennTb  Ha  CTa6nnbHbie  v\ 
MeTacTa6MnbHbie.  Ha  pnc.1  npHBe^eHa  cra6nnbHan  A^arpaMMa  Fe-C-Cr 
[1],  cornacHO  kotopom  oSnacTb  KpncTannn3ai4nn  nepBHMHoro 
Ky6nnecKoro  Kap6nAa  a ocrwraeT  o6nadn  KpMCTannn3aMHM  aycTeHMTa. 
OAHaKo  nman  CTpyKTypa,  ccpopMMpOBaHHan  npw  TpaAmjMOHHbix 
CKopocmx  oxna>KAeHnn,  He  cooTBeicTByeT  CTa6nnbHow  AwarpaMMe 
paBHOBecwn. 

Tlpn  3T0M  TpwroHanbHbirt  Kap6nA,  a  TaioKe  OBTeicmKa  Ha  ero 
6a3e,  cpopMHpyioTcn  b  cnnaBx  Tamx  cocTaBOB,  b  KOTopbix  cornacHO 
craSiinbHOMy  BapwaHTy  AnarpaMMbi  fxonweH  6bin  6bi  npw 
aaTBepAeBaHMM  BbiAennTbcn  Ky6nnecKTii  KapSwA- 


©Eutectica-V 


21 


SBTeKTMKa  V 


Pnc.1  H30TepMMHecKaa  npoeKpufl  CTa6nnbH0M 
AnarpaMMbi  Fe-C-Cr 

npuBOflkiMbie  b  nmeparype  MeTacTa6nnbHbie  BapwaHTbi  b 
3aBMCMM0CTM  OT  HarMMMH  MJ1M  OTCyTCTBMfl  OOnaCTM  >K+M23C6  TaiOKe 
MoryT  SbiTb  nofleneHbi  Ha  Ase  rpynnbi.  Co6cTBeHHHbie  MCCJieAOBaHkm 
no3BOJiHK)T  ota aTb  npeAnoHTeHMe  MeTacraSMnbHOMy  BapHaHTy  LUeBnyKa 
J1.A.[2],  cornacHo  KOTopoMy  Ha  A^arpaMMe  OTcyTCTByeT  AByxcj)a3HaH 
06/iacTb  >K+M23Ce,  b  kotopom  npowcxoAHT  KpMCTarmn3amifl  CTpyicrypHO 
CBoSoAHbix  KpMCTannoB  Ky6nMecKoro  KapSwAa,  a  o6pa30BaHne  OBTeicrwui 
Ha  6a3e  TpnroHanbHoro  Kap6nAa  bo3mo>kho  Aa>Ke  npw  OTcyTCTBMH 
>Kene3a,T.e.  b  abomhom  CHCTewe  Cr-C. 

HarwHMe  CTaSmibHoro  m  MeiacTa6nnbHoro  BapiiaHTOB 
AwarpaMMbi  npeAonpeAenflBT  nanmrn  o6nacTeM,  b  KOTOpbix  ripn 
TepMHHecKOH  o6pa6oTKe  min  oxna>KAeHMH  nocne  3aTBepAeBaHMH 
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npoMCxoAm  npn6nn>KeHMe  k  CTa6nnbH0My  paBHOBecmo  KaK 
npoMe>KyTOMHOM  $a3bi,  tqk  m  TBepAoro  paciBopa.  CpaBHeHne 
M30TepMMMKCK0M  npoeKqMM  CTa6mibHOM  Cj}a30BOM  flMarpaMMbl  c 
Bbi6paHHbiM  MeTacTaSunbHbiM  BapnamoM  no3BormeT  onpeflenmb 
o6nacTM  B03M0>KHbix  nepexoflOB  MeiacTa6nnbHbix  cfcas  b  CTaSmibHbie. 
nocKonbKy  BKnafl  KapSuAHbix  cjDa3,  Beflyujinx  OBTeicrMHecKyio 
KpMCTanJlMSaL^MK),  B  Cf)OpMMpOBaHMe  CTpyKTypbl  M  CBOMCTB  ennaBOB 
6oxiee  BecoM,  npomo3MpOBaHne  oSnacieM  c})a30Boro  nepexo^a 
MeiacTa6mibHoro  KapSufla  M7C3  b  CTaSunbHbiM  Kap6nfl  M23C6 
npeflCTaBn^ei  npeMMyunecTBeHHbiM  MHTepec. 

flo  cmx  nop  Bee  wccneflOBaHun  TaK  Ha3biBaeMbix  KapSn^Hbix 
npeBpameHMM,  noA  KOTopbiMM  apTopbi  riOApa3yMeBaK)T  nepexoA 
MeTacTa6nnbHbix  aBTeKTMHecKnx  Kap6MflOB  b  CTa6mibHoe  cocTonHne  b 
cndeMax  Fe-C-Kap6MAoo6pa3yK)iAMM  aneMeHT,  hocht  jim6o  xapaKTep 
HecKonbKMX  eAHHMHHbix  pa3p03HeHHbix  nojiMTepMHMecKiix  "npoKonoB” 
A^arpaMM  coctohhh*  (T.e.  paccMaTpMBaiOTCfl  2-3  OTAenbHbix  cociaBa), 
jih6o  cboahtca  k  nocTpoeHMK)  "ct py KTy p h b ix"  AMarpaMM,  BecbMa 
npn6nn>KeHHO  xapaiaepn3yK)LAHX  CTpyKTypoo6pa30BaHne  npn 
3aTBepAeBaHmi  c  KOHKpeTHbiMM,  Maine  Bcero  6jim3kmmm  k 
npoMbnuneHHbiM,  ckopocthmm  oxna>KAeHMfl.  Me>KAy  tom,  o6nacTM  Bcex 
c}3a30Bbix  npeBpaineHnM  -  m  Kap6nAHbix,  b  nacTHOCTM,  BcerAa  MMeiOT 
neTKne  TeMnepaTypHO-KOHAeHTpannoHHbie  rpaHnqbi  Ha  cf>a30Bbix 
AMarpaMMax  paBHOBecM*. 

CornacHO  [3]  MeTacTa6nnbHbie  (fta3bi  Moryr  6biTb  noAeneHbi  Ha 
HOBbie  (oTcyTCTByiou^He  Ha  CTaSmibHOM  A^arpaMMe  paBHOBecna)  m 
<t>a3bi  c  orpaHkmeHHOM  MeTacraSM/ibHOCTbio.  riocneAHHe  (MMetoLqMecn 
Ha  CTa6nnbHOM  AMarpaMMe)  b  onpeAeneHHbix  TeMnepaTypHO- 
KOH!4eHTpaL(MOHHblX  oSnaCTflX  ABTlfllOTCfl  CTaSMnbHbJMM,  HO  B  Tex 
o6nacT?ix,  3a  cneT  KOTopbix  ohm  pacujMpfliOT  npeAenbi  CBoero 
cyLqecTBOBaHMn,  3tm  cj)a3bi  OKasbiBatOTca  MeiacTaSMjnbHbiMM.  HeTpyAHO 
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BMfleTb,  hto  orpaHMHeHO  MeTacTaSunbHbie  npOMe>KyTOHHbie  cf>a3bi  MoryT 
BeoTM  ce6a  aboako  npM  TennoBOM  o6pa6oTKe:  npeBpaiAflTbcn  b 
CTaSuribHbie  mum  nonHOCTbK)  hum  h3cthmho.  Bee  3aBHCHT  ot  Toro,  b 
K3KMX  oOnacTflx  TpoHHOM  CTa6nnbHOH  A^arpaMMu  o6pa3yeTC« 
orpaHHHeHHO  MeTacTaOmibHaa  cf>a3a.  Ecjih  0Ha  cfropMupyeTca  b 
o6nacTflx  c  HHbiM  mnoM  Kap6nAat  to  mx  mo>kho  Ha3BaTb  oOnacTHMM 
noriHOH  MeTacTa6nnbHOCTnf  t.k.  npM  cooTBeTCTByfoiAnx  ycnoBH^x  Bee 
100%  MeTacTaGmnbHOM  KapOnAHon  cf)a3bi  npeBpaTfrrcn  b  CTaSunbHyK). 
Ecnw  MeTacTa6nnbHafl  (f>a3a  cfropMMpyeTcn  b  oOnacT^x  c  AeyMn  TMnaMM 
KapOwAOB,  to  TonbKO  BnoriHe  onpeAeneHHan  nacTb  orpaHimeHHO 
MeTacTa6nnbHoro  KapO^Aa  OKaxceTcn  cnocoOHon  npeBpamaTbCfl  b  whom, 
cTaOmibHbiM  KapOwA  npw  TepMunecKOPi  o6pa6oTKe.  lloaTOMy  Tawe 
oOnacTM  MoryT  ObiTb  Ha3BaHbi  oOnacTHMw  h3Ctmmhoh 
MeTacTaOmibHOCTM.  flpyran  nacTb  3Toro  >Ke  Kap6nAa  ABJineTcn 
CTaOmibHOPi  h  He  MoweT  TpaHccf)opMnpoBaTbCH  b  KapOnA  HHoro  Tuna  ripn 
BbicoKOTeMnepaTypHbix  BbiAep>KKax  jikdOoh  cTeneHH  AJiHTenbHOCTH. 

B  CMCTeMe  Fe-C-Cr  orpaHHMeHHO  MeTacTaSmibHOH 
npOMe>KyTOHHOM  Cf>a30M  HBJIfieTCH  Kap6MA  M7C3.  B  3aBHCHM0CTH  OT  Toro, 
3a  cneT  KaKMX  oOnacTen  -  coAepwatAHX  no  CTaOwibHOM  A^arpaMMe  nmub 
oahh  Tiin  KapOHAa  (M23C6),  mjih  >Ke  oOa  BbicoKoxpOMMCTbix  KapOnAa  (h 
M7C3  h  M23C6)  -  Kap6nA  M7C3  pacmiipneT  o6nacTb  CBoero 

cyiAecTBOBaHMH,  B03M0>KHa  nw6o  noiiHafl,  jih6o  HacTMHHan  ero 
TpaHCcj3opMai4nn  b  CTa6nxibHbiM  Kap6nA  M23C6. 

OO/iacTM,  b  KOTOpbix  no  CTa6nnbHOMy  BapwaHTy  AnarpaMMbi 
AOfDKeH  BbiAennTbCH  TonbKO  Kap6nA  M23C6,  a  npM  KpncTannn3ai4HM 
o6pa30Bancfl  KapOHA  M7C3(  OyAyT  oOnacTHMM  noiiHOM 
MeTacTaOmibHOCTM.  TaKMMM  oOnacTAMM  HBnntoTCH:  y+>K+M23C6; 
y+M23Ce;  a+M23Ce;  a+y+M23Ce;  >K+a+M23Ce;  >K+M23C6  (pnc.2). 

OOnacTM,  b  KOTOpbix  no  CTaOmibHOM  AnarpaMMe  bo3mo>kho 
cyLAecTBOBaHwe  o6ohx  tmhob  KapOMAOB,  a  npM  3aTBepA6BaHnn 
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CTa6nnbHbm  KySunecKHM  KapSufl  6yfleT  ToribKO  nacTb  Kap6nfla  M7C3,  a 
flpyran  ero  MacTb  ociaHeTcn  TaKoPi,  KaKoii  ccpopMMpOBanacb  b 
pe3ynbTaie  KpMCTarmM3ai4MM,  TaKMMM  obnacTHMM  byflyr:  M23C6+M7C3; 
>K+M23C6+M7C3;  y+M23C6+M7C3  /pnc.3/.  KofinnecTBO  npeBpau^eHHoro 
Kap6n,qa  MO>KeT  6biTb  noflCHMTaHO  b  hmx  no  M30TepMMHecKMM  ceneHMaM 
CTa6n/ibHOM  flwarpaMMbi  Arm  Ka>Kqoro  cruiaBa  OT,qejibHO. 


Pmc.3  ObnacTM  nacTMHHOM  MeTacTa6mibHOCTM  Kap6nfla  M7C3 
JIMTEPATYPA 

1.  Bungardt  K.t  Kunze  E.,  Horn  E.  Untersuchungen  uber  den  Aufbau 
des  Systems  Fe  -  C  -  Cr  //Arch,  fur  das  Eisenhut.  -  1958.-29,  Ns  3.- 
S.1 93-203. 

2.  TopeB  K.B.,  LUeBHyK  Jl.A.,  flyfleMKaa  Jl.P.,  r ypMHOBMH  B.M. 
PaBHOBecMfl  KapbMflOB  c  TBepAbiMM  pacTBOpaMM  b  CMCTeMe  cnnaBOB 
Fe-C-Cr//  H3B.  AH  BOCP.  Cep.  0.T.H.  -  1973.-Ns2.-C.40-44. 

3.  MnpoLUHHHeHKO  H.C.  3aKanKa  M3  >KMflKoro  cocTonHMa.  -  M.: 

MeiannyprMfl,  1982. -168c. 

©  Jl.iO.MoHoea,  2000 r. 
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EHTAJlbmi  3MILLJyBAHHfl  B  CnilABAX  nOTPIMHOI  CMCTEMM 
Ge  -  Mn  -  Al  B  OBJ1ACTI  KOHMEHTPALJM,  35ArAMEHHX  HA 
TEPMAHIM 

B.J3,y6uHa,  O.BenoQopodoea,  T.3iHeeuH,  Jl.PoMaHoea 
KniBCbKMM  HaL(i0HanbHMM  yHiBepcmeT  'meni  Tapaca  LUeBHeHKa 
m.  KmTb,  yKpa'ma. 

flOCnifl>KeHHfl  TepMOflUHaMlHHUX  BJiaCTMBOCTeM  nOTpiMHMX 
axiK)MiHi-eBMx  cmctcm  3  repMameM  Ta  3d-  MeTanaMM  e  Ba>KnnBMM  y 
3B’a3Ky  3  BMBHeHH^M  npOLjeciB  aM0pcpi3aL4iY  nifl  nac  LUBUflKoro 
oxonofl>KeHHa  po3nnaBiB. 

B  flaHi m  poSoTi  MeTOflOM  BucoKoieMnepaiypHoY  i3onepn6oniHHoY 
KanopuMeTpiY  [1]  npM  1750  K  Bnepme  flocnjfl>KeHO  napi^ia/ibHi  eHTanbniY 
3MiiuyBaHHa  a/iK)MiHifO  b  noTpiMHM  cMCTeMi  Ge-Mn-AI  Ana  cnnaBiB 
npoMeHesMx  nepepteiB  i3  crannM  cniBBiflHOiiieHHHM  aTOMHnx  qacTOK 
repMaHiK)  Ta  MaHraHy  xGJxm  =  0.85/0.15  ,07/0.3 , 0.6/0.4  Ta  0.5/0. 5  . 

flocniflM  npoBOflMJiMCfl  b  aTMOc#epi  aproHy.  B  po6oTi  bmkopmc- 
TOByBann  repMaHiM  MapKM  m3  -  1  (99.999%)  ,  MaHraH  eneKTponiTKHHMw 
(99.99%),  amoMiHiPi  cneKTpanbHO  hmct m.  flK  eTanoHHy  penoBUHy 
BMKopucTOByBarm  Bonbcftpaw  Knacy  A2  (99.96%). 

BcTaHOBJieHO,  ul^o  KOHAeHTpaqmHa  3ane>KHicTb  napi_|ianbHnx 
eHTanbnin  anfOMiHiro  Ana  AOcniAweHnx  cnnaBiB  pi3Hnx  npoMeHeBnx 
onwcyeTbca  t3khmh  noniHOMaMM  : 

Arm  nepepi3y  3  xGe/xMn  =0.85/0.15 

AH  At  =(1-  xAi)(-6,01 3521 -20,1 861  8xA))  (1) 

Arm  nepepby  3  xGe/xMn  =07/0.3 

AHAi  =(1-  xAi)(-1  1 , 86626-20, 27033xai+31  ,74412  Xa,2)  (2) 

Ana  nepepby  3  xGe/xMn  =0.6/0. 4 

AHA|=(1-  xai)(-16, 42492-1 1  ,99031xA,+12,92627xAI2)  (3) 

Ana  nepepi3y  3  XGe/xMn  =0.5/0. 5 
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AHai=(1-  Xai)(-19, 98937-18, 59239xAi+21  ,09367xAI2)  (4) 

iHTerpanbHi  eHTanbnii  3MiwyBaHHa  6yno  po3paxoBaHo  i3 
napqianbHMX  flna  antoMiHifo  3a  mctoaom  flapKeHa  b  oSnacTi 
KOHL^eHTpaL^m  Bifl  Xai  =  0  ao  Xai  =  0.6.  Heo6xiflHi  flna  po3paxyHKy 
3HaweHHR  iHTerpajibHO'i  eHTanbnii  3Mii±iyBaHH?i  b  noflBiMHiPi  cucieMi  Ge- 
Mn  6yno  b3hto  3  po6om  [2],  B  flocnifl>KyBamM  oSnacTi  KOHi^eHTpauiiM  Bci 
cnnaBM  xapaKTepM3yK)Tbca  bIa’cmhhmm  3HaHeHHHMW  iHTerpanbHvtx 
em-aiibniM  3MiujyBaHHfl,  bki  3a  a6conK)THHM  3HaneHHaM  3pocTaK)Tb  i3 
36iJibiueHHBM  BMidy  MaHraHy  (pmc.).  noKa3aHO,  1140  nnn  6inbLuocTi 
BMBHeHUX  nepepi3iB  3  Xoe  /xMn  -  const  eK30TepMiMHi  TennoBi  ecfjeKTn 
cnnaBoyTBopeHHn  i3  fiOflaBaHHaM  arifOMiHiK)  nocrrynoBO  3MeHUjyK)TbCfl, 
npn  HOMy  6mbiu  pi3Ke  naAiHHfl  cnociepiraeTbca  npn  Xai  >  0.3.  TaKa 
TepMOAHHaMiHHa  noBeAiHKa  CBiAnmb  npo  Te,  U40  ochobhmm  BHecoK  b 
TepMOAMHaMiKy  piAKnx  cnnaBiB  cncieMW  Ge-Mn-AI  b  oSnacii 
KOHi4eHTpa4in,  36ara<HeHMX  Ha  repMaHiw,  BHOCMTb  B3aeMOAi*  KOwnoHeHTiB 
b  rpaHMHHiM  noABiMHiw  CMCteMi  Ge~Mn. 


JIITEPATYPA 

1. HMKonaeHKO  M.B.,  TypnaHHH  M.A.,  EaTarwH  T.H.,  Eeno6opoAOBa  E.A. 
BbicoKOTeMnepaiypHbiM  KanopMMeip  a^h  HecneAOBaHMa  smanbnm 
o6pa30BaHna  MeianriHHecKHX  pacnnaBOB//YKp.  xmm.  >KypHan  -  1987.  - 
53.N28.-c.795. 

2. UUnanaK  A.H.,Beno6opoAOBa  E.A.,BaTannH  VM.  TepMOAHHaMHnecKwe 
CBOMCTBa  >KMAKHX  paCTBOpOB  CMCTeMbl  Ge  -  Mn  //H3B.  AH  CCCP. 
HeopraHMH.  MaTepwanbi.  -  1978.- 14.-6.-  c.992  -  996. 
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Xai 


Pm.  3ane>KHicTb  iHTerpanbHOi  eHTanbnii  3MiLuyBaHHH  b\r  aTOMHoY 
MacTKw  anKJMiHiK)  b  po3rmaBax  noTpifiHOi  cucreMM  Ge  -  Mn  -  Al  npw 
1750  K  fln«  nepepi3y  3  XGe/XMn-const  :  1  -  0.85/0.15;  2  -  0. 7/0.3;  3  - 

0.6/0.4;  4  —  0.5/0. 5. 

©  B.fly6uHa,  0.6cno6opodoea,  T.3iHeeuv,  Jl.PoMaHoea,  2000r. 
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CTPyKTyPHO-0A3OBblE  COCTOflHMfl  3BTEKTHHECK01?! 
CMCTEMbl  AJ1IOMMHMM  -  KPEMHW4 

B.0.Eeno8a,  A.M.TpoLiaH9,  AM. flo3openoeb ,  B.3.KucyHbK0b 

a)  unM  HAHY.  r.MaKeeBKa.  -YKpaMHa 

b)  AohULIM.  r.floHei^K.  -  YicpaMHa 

fluarpaMMa  coctohhmm  (flC)  cucTeMbi  Al  -  Si,  M3B6CTH8H  h 
Hen3MeHHa«  c  Hanana  XX  BeKa,  othocmtch  k  npocTbiM  aBTetcrunecKUM 
(Ta  =  575  °C,  Sia  =  11,7%  ).  npoMbiuineHHbie  crmaBbi  -  cnjiyMMHbi 
«BnaK)Tca  AOQBTeKTMHecKMMM  (  Simax  =  12,0%),  b  MOAenbHbix  cnnaBax 
KOHMeHTpaL^Mfi  kpgmhme  flOduraeT  20,0  -  30,0%. 

C  noMOiijbio  HOBoro  rpacfco-aHaxiMTMHecKoro  MeTO^a  nocrpoeHa 
normroHanbHa«  fluarpaMMa  cocTonHMa  (FlflC)  aBTeKTMHecKoro  mna 
CMCTeMb)  anfOMMHUM-KpeMHMM. 

Pfin  nocTpoeHMfi  flC  ncnorib30BaHbi  MCcneAOBaHMH  c{)m3mko- 
XUMMHeCKMX  M  $M3MKO-MexaHMHeCKMX  CBOMCTB  HMCTbIX  ailfOMMHMfl, 
KpOMHMfl  M  MX  CnnaBOB  B  TBepflOM  M  >KMAKOM  COCTOflHMflX 
(xapaKTepMCTMHecKne  TeMnepaTypbi,  icMHeMamHecKaa  B«3K0CTb,  pa3Mep 
aepHa,  nnacTMMHOCTb  m  npoMHOCTb  nojwKpMCTamiOB). 

KpMTMMeCKMe  TOHKM  (°C)  TBepflbIX  M  >KMflKMX  antOMMHMfi; 


Ai(350)  A2(660)  ~>  A3(750)  A4{900)  ->  As(1050)  -»  A6{1200)  ->  A7(2300)  M 

KpGMHMfl: 

Ki(350)  -»  K2(700)  -►  K3(800)-»  K4  (900)  ->  Ks(1 350)  ->  K6  (1420)  K7  (1500) 
-»K8  (1650) ->K9  (2600). 

TeopMfl  aCC014MMpOB3HHOM  >KMAKOCTM  no  MOfleilM  rapMOHMHeCKMX 
CTpyicryp  (MrC-c})a3bi)  AMcicpeTHbie  3HaHeHMn  Ha  noomepMax  bh3koctm 
HMCToro  anKDMMHMn  b  HHTepBanG  teMnepaiyp  nnaBneHnn  (660°C)  m 
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mnemn  (2300°C)  paccwaTpuBaeT  KaK  Me30Mopcf)M3M  KJiacrrepoB 
Ky6nMecK0M  cmronm  c  pa3JiMHHb!M  TunoM  ynaKOBKii  ri\K  OL4K  -*  flK 
nonnaflpuMecKMx  m  nojinroHanbHbix  CTpyKTyp,  nepexoq5uqnx  b 
nomiroHanbHbie  mjim  pa3ynopaqoHeHHbie  daTHCTHHecKne  npn  BbicoKnx 
neperpeBax  Haq  TeMnepaTypOM  nnaBneHMH.  CTpyKTypHbie  npeBpaLqeHMH 
B  HMCTOM  aniOMMH MM  OKa3blBatOT  BAMflHMe  Ha  yCflOBMfl  06pa30BaHMfl  M 
o6nacTM  roMoreHHOCTM  cmamljmaob  aniOMMHMH  BiiOTb  qo  SKBMaTOMHoro 
cocTaBa.  Ana  KpMCTanriMHecKoro  KpeMHMB  (qo  1350°C)  KpMTMHecKM© 
TOHKM  HBJIHJOTCB  CJieqCTBMeM  KOHUBHTpaLJMOHHblX  CTpyKTypHbIX 
npeBpaLAeHMH  b  pe3ynbTaTe  o6pa30BaHHH  HHTepMeianriMAOB.  B 
KpvmmecKOM  TOHKe  K5  npoMCxoqMT  TepMMHecKoe  CTpyicrypHoe 
npeBpaiqeHMe  Tuna  rL|K  OLJ[K,  conpOBOJKqaKDLqeecfl  M3MeHeHMHMM 
Tuna  XMMMHeCKOM  CBH3M  OT  KOBajIBHTHOM  K  MeTaflJlMHeCKOM.  flpM 
nnaB/ieHHM  HMcroro  KpeMHMH  o6pa3yeTcn  nonM3qpMHecKafl  >KMqK0CTb 
OL4K  -  crpyKTypbr,  KOTopaa  coxpaHaeTCH  qo  kpmtmhcckom  tohkm  K7 
(1 500°C)  11  nepexoAMT  b  nouMroHaribHyK)  OL4K->KHAK0CTb  qo  tohkm  K8 
(1650°C),  Korqa  o6pa3yeTca  pa3ynopaqoHeHHaB  TOTanbHaa 
CTaTMCTMHeCKaB  >KMAKOCTb.  H3J10Mbl  Ha  nOJIMTepMaX  ,,  BH3KOCTM 
CMnyMMHOB  OTBenaK)T  TeMnepaTypaM  noriMTepM  roMoreHHOCTM 
pacnnaBOB  cmjimmmaob  antoMMHMB.  Run  cnnaBa  AI+21,5  %  Si,  HanpMMep, 
o6pa3yK>iqerocH  Ha  6a3e  CMnML^Mqa  a/ifOMMHMB  AI3Si,  o6Hapy>xeHbi 
neTbipe  npeBpaiqeHMH,  hto  xopoiuo  comacyeTca  c  nflC. 

nepBMHHaH  npOMe>KyTOHHaB  cf>a3a  -  cMjiMKoanioMMHMM 
o6pa3yeTCB  Ha  6a3e  MHTepMeTafiJiMqa  AI3Si  npM  350°C  (Si  =  25,7  %), 
KOTopbm  cocyiqecTByeT  npM  stom  TeMnepaType  c  amoMMHMeM  m 
KpeMHMeM  m  pa3qenHeT  CMCTeMy  Al-Si  Ha  qBe  KBa3MCMCTeMbi:  Ai-AI3Si  m 
Si-A!3Si.  SBTeKTMKa  Me>Kqy  Al  m  AI3Si  (T3=  575°Cf  Si3  =11,5  %)  OTBenaeT 
cocraBy  CTexMOMeTpMnecKoro  xMMMnecKoro  coeqMHeHMH  AI8Si,  06/iacTb 
roMoreHHOCTM  KOToporo  b  >kmakoctm  orpaHMHeHa  jimhmbm  jiMKBMqyc 
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Me>Kqy  TOHKaMM  nnaBneHMfl  (660°C)  m  MHTepMeTamrMfla  AI4Si 

(640°C),  B  TBepflOM  ddCTORHMM  -  KOHHOflOM  350°C. 

B  cwcTeMe  Al-Si  cyu^ecTByeT  nocjieflOBaieribHbm  pRA  TBepflbix 
pacTBopoB  Ha  6a3e  XMMMHecKMx  coeflMHeHMM  AI3Si  AI2Si  -»  AlSi  -> 
AISi2  ->  AISi3  ->  AISi4  ->  AISi8  c  mh-  m  KOHrpy3HTHbiMM  TOMKaMH 
nnaBneHMR,  KOTopbie  cooTBeTCTByjOT  TeMnepaTypaM  CTpyicrypHbix 
npeBpaujeHHM  >KMAKoro  anfOMMHMR  (750  ->  900  1050)  arr  cmrmmmaob 

anfOMHHMR  AO  3KBMaT0MH0r0  CTeXMOMeTpMMeCKOrO  COCTaBa. 
HHTepMeTaiiriMAbi  3a3KBnaTOMHoro  cocTaBa  (anioMMHMAbi  KpewHHR) 
OTHOCRTCR  K  XMMMHeCKMM  COeAMHeHMRM  C  MHK0Hfpy3HTH0M  TOHKOM 
njiaBJieHMR  (KpoMe  AISi3). 

flriH  JiMTbix  cnnaBOB  Tuna  AK7  nocne  TepMMHecicon  o6pa6oTKH  b 
>kmakom  coctorhmm  npw  neperpeBax  Bbnue  AUCKpeTHbix  TeMnepaTyp  (15- 
20  °C)  noBbiLuatOTCR  MexaHMHecKMe  CBoncTBa  nonnKpncTannoB:  npeAen 
npoMHOCTM  ao  215  Mfla  (b  mcxoahom  -  150  Mfla),  OTHoenTenbHoe 
yAnwHeHMe  ao  3,2  %  npoTMB  1,2  %,  A^WHa  nronbnaToro  kpbmhmr  b 
MHKpocTpyicrype  no/iMKpMCTarmoB  CHM>KaeTCR  ao  150  mkm  npoTMB  500 
MKM  B  MCXOAHOM  COCTORHMM. 

nojiyHeHHbie  pe3ynbTaTbi  noKa3biBaK)T  B03M0>KH0CTb 

Mcn0Rb30BaHMR  nonMroHanbHbix  AnarpaMM  coctorhmr  KaK 
TeXHO/IOrMHeCKOM  KapTbl  RY\9\  BbinnaBKM  M  TepMMHeCKOM  06pa60TKM 
CMiiyMMHOB  3aA3HHoro  cocTaBa  c  Lienbio  nonyMeHMR  3aAaHHoro  ypoBHR 
C(3M3MK0-MexaHMMeCKMX  CBOMCTB. 

©  E.0.BeiJoe,  A.M.Tpoi^aH,  A.M.riosopenoe,  B.3.KucyHbKo,  2000r. 
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O  HPHMEHEHMH  nEPBOnPMHMkinHOrO  nCEBflOnOTEHUMAJlA  K 
MCCJIEflOBAHWO  CnJIABOB  lUEJlOMHblX  METAJUIOB  B 
TBEPflOM  V\  XCMflKOM  COCTOflHHflX 

B.A.KpauiaHUHUH,  H.3My6uhuh 
HHCTMTyT  MeiannyprMM  YpO  PAH 
r.EKaTepnH6ypr,  Poccm 

PaccMaipMBaiOTCfl  cnnaBbi  menoMHbix  MeiannoB, 
HBJlfllOLAMeCfl  3BTeKTHHeCKMMM  CMCTeMaMM.  B  paSOTe  [1]  H3MM 
npeAnoweHa  oSi^aa  cxewa  MMKpocKonMHecKoro  pacneia 
TepMOflMHaMMMeCKMX  CBOMCTB  MHOfOKOMnOHeHTHblX  HeynopaAOHeHHbix 
TBepflbix  pacTBopoB,  ncnonb3yfl  mctoa  BapMaqMM  KnaciepoB.  Ilpn  3tom 
CBo6oflHa^  3Heprn«  CMCTeMbi  HMeeT  bma 

F  =  ZrjEj  +  kT^ys  2  ab  ln(a*/  )  (1) 

j= 1  s  iels  '  /  hsJ 

rAe  MHAenc  5  HyMepyeT  miacrepbi,  b  KOTOpbix  ynuTbiBaeTCfl 
B3aHMOA6MCTBMe,  Is  -  MHO>KeGTBO  KOHCfMrypaqMM  KJiaCTepOB  Tuna  s\  i  - 

HyMepyeT  KOH^Mrypaqwi  K/iacrepa,  a/s  -  aoua  KJiaciepoB  KOHC|)Mrypai4MM 
/  cpeAM  Bcex  KJiaciepoB  Tuna  s,  t|fe  -  KpaTHOCTb  Bbipo>KAeHHfl  KJiacTepa 
Tuna  is,  ys  -  KoscjDct)MMvieHTb(  XMMaHca  m  Ae  Bypa,  k  -  nocToaHHaa 
BojibMMaHa,  T- TeMnepaTypa,  J  ecTb  MMcno  nonHOCTbto  ynopHqoneHHbix 
CTpyKTyp  (flYC),  SHepPHM  CBA3M  Ej  KOTOpbix  Heo6xOAMMO  3HaTb  AJ ™ 
npoBeABHMH  pacneTOB,  y;  -  KOScftcfcMLjMeHTbi,  CB«3aHHbie  c  BexiMHMHaMM 
a  is  JlMHeMHblMH  COOTHOLUeHMHMM.  He3aBMCMMblMM  nepeMeHHbiMM, 
xapaKTepM3yiou4HMM  cipyicrypy  TBepAoro  pacTBopa  hbjihk>t ch  BenMHMHbi 
y.  Hmcjio  mx  b  o6uneM  cnynae  3HaHMTejibH0  MeHbLue  neM  mmcjio  BeriMHMH 
a.  npM  stom  mmcjio  SHepreTMnecKMX  napaMeTpOB  E  TO>Ke  3HaHMTenbHO 
MeHbLue  MMcna  aHajiomHHbix  napaMeTpOB  b  TpaAWLjMOHHOM  MeTOAe 
-  33 
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Bapwaqun  KnacrrepOB,  Koropbiivm  b  HeM  HBnaiOTCfl  acfK^eKTUBHbie 
OHepruM  CBH3M  KnacrrepOB,  Cne,qyeT  oTMeiviTb,  hto  Bbipawemie  (1) 
noxiyneHO  tomho  b  paMKax  MeTOfla  BapwaLjMM  KnaciepOB.  B  cooTBeTCTBMM 
c  3Tmm  npeflnaraeTca  cnocob  Bbibopa  IHYC,  Ha3biBaeMbix 
He3aBMCMMblMM,  XapaKTBpMCTMKM  KOTOpbIX  MO>KHO  nerKO  (no  CpaBHeHMK)  c 
OHeprwflMM  CBA3M  b  Knacrepax,  HaxoflmuMxcfl  b  Kpncranne)  BbNMcnmb 
hum  M3MepMTb  3KcnepnMeHTanbH0.  flaHHaa  cxeMa  pacMeia 
TepMOflMHaMMHeCKHX  CBOHCTB  MHOrOKOMnOHeHTHbIX  Heynop^AOHeHHblX 
TBepflbix  pacTBOpOB  MOweT  6biTb  npMMeHeHa  k  nioboMy  TBepflOMy 
paCTBOpy  C  npOM3BOJ1bHOM  KpMCTannUMeOKOM  pGLUeTKOM. 

B  KanecTBe  npuMepa  paccMaTpMBatOTcn  6nHapHbie  TBepAbie 
pacTBopbi  menoMHbix  MeiannoB  Li,  Na,  K  m  Rb.  SHeprnu  mx  riYC 
paccHMTbiBajOTca  b  npeflno>KeHHOM  hbmm  BapnaHTe  MeTOAa 
nceBAonoTeHMMana  m  nepBbix  npuHi^nnoB  [2],  b  kotopom  pacaeT 
3KpaHMpyjOLqHX  3CjDCf)eKTOB  npOBOflMTCn  C  MCnOJlb30BaHMeM  MCTMHHbIX 
BOJlHOBblX  C)}yHK14MM  3JieKTp0H0B  npOBOAMMOCTU.  3T0  n03BOJlMJ10 
MCKnKDHMTb  M3  paCCMOTpeHMfl  T3KMe  nOHflTMfl  K3K  3C|)C})eKTMBHaa 
BaneHTHOCTb  m  opToroHann3ai4MOHHaa  flbipKa,  BbiHMcneHne 
pacnpefleneHMn  nnoTHOCTM  3apHAa  kotopom  Bbi3biBaeT  bonbiuMe 
TpyflHOCTM,  a  TafOKe  BbtHMCJIMTb  CflBMTM  SHeprMM  OCTOBHbIX  SJieKTpOHOB 
3a  cneT  B3aMMOAOMCTBMfl  c  HeoAHopoflHOM  nacTbK)  pacnpefleneHMH 
nnoTHOCTM  aneicrpOHOB  npoBOAMMOCTM.  npOBeAeHHbie  pacneTbi 
cboSoahom  sHeprnM  m  cboSoahom  snepvm  cMeiueHna  stmx  TBepAbix 
pacTBOpOB  n03B0nMJ1M  nOCTpOMTb  MX  AMarpaMMb!  COCTOflHMfl.  npM  3TOM 
An a  CMCTeMbt  K-Rb  b  TBepAOM  cocToaHMM  pacaeT  p,aej  HeorpaHMHeHHyK) 
paCTBOpMMOCTb. 

ripMBJieKaTejibHOM  BbimnAMT  MAea  nocTpoeHna 
nepBonpMHAMnHOM  TeopuM  Ana  KonuMecTBGHHoro  M3yaeHMa 
paccMaTpMBaeMbix  CMCTeM  Taioxe  m  b  >khakom  cocToaHMM.  C  3tom  penbK) 
Ana  pacaeia  TepMOAMHaMMaecKMX  cbomctb  TaKnx  CMCTeM 
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npeflno>KeHHbiM  BapnaHT  Mero,qa  nceBfloncrreHMMana  m3  nepBbix 
npuHL^nnoB  ncnonb3yeTcn  coBMecTHo  c  BapnaiinoHHbiM  mbtoaom 
TepMOflMHaMMMeCKOM  Teopnew  B03MyiJ4eHMM.  PaeweTbi  npOBOAHTCfl  B 
npn6nn>KeHMM  napHoro  B3anMOAeMCTBMn,  Koiopoe  onncbiBaeTCn  b 
npn6nn>KeHHM  Teopnn  nceBAonOTeHqnana.  TlpMMeHeHne 
TepMOflMHaMMHeCKOki  reopm  B03MyLAeHMtf  [3]  CBH3aH0  C  B03M0>KH0CTbK> 
MCKJifOHeHMfl  npMBOflainMx  k  6ojibiuoM  mtotobom  norpewHOCTM 
BbiMucneHMM  aTOMHbix  cfjyHKLjuM  paAnanbHoro  pacnpeAeneHtm  m 
napHbix  noTeHqvianoB  nyTeM  tcxhhkm  WHTerpanbHbix  ypaBHBHMM.  3to 
oSycnoBneHO  TeM,  mto  b  TepMOAMHaMMMecKOM  Teopww  B03MyiAeHMM 
cmibi  npMTfl>KeHMfl  Me>KAy  aTOMaMM  paccMaTpMBatoTcn  KaK  B03MymeHMe 
OTHOcmenbHO  cun  orranKMBaHnn.  TorAa  CTpyicrypa  uccneAyeMbix 
pacnnaBOB  mokct  SbiTb  onucaHa  Mepe3  HeB03MytAeHHyK)  nacTb 
cucTeMbi,  to  ecTb  cucTeMy  cpaBHeHun,  3a  KOTopyio  b  BapnaLtnoHHOM 
MeTOAe  npMHnMaeTcn  CMCTeMa  TBepAbix  cc£ep.  PacneTbi  noAo6Horo 
Tuna  MHTeHCMBHo  npoBOAnnucb  paHee,  OAHaKO  c  ashhum  bmaom 
nceBAonoTeHmiana  TaKO ft  pacneT  npoBOAMTcn  BnepBbie.  flocTnmyTO 
ynymneHne  pe3ynbTaTOB  no  cpaBHeHWO  c  pe3ynbTaTaMM,  nonyMeHHbiMM 
paHee  [4]  aHanomnHbiM  cnocoSoM  npM  ncnonb30BaHnn  MOAenbHoro 
nceBAonoTeHmiana  AHMMany-XeftHe.  nonyneHO  xopowee  cornacne  c 
OKCnepHMeHTanbHblMM  AaHHbIMM. 

Pafxrra  BbinonHeHa  npH  ({MHaHCOBoft  noAAep>KK e  POOH  (npoeicr 
NS99-03-32317) 

JIUTEPATYPA 
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©B.A. KpauiaHUHUH,  H.3.fly6uHUH,  2000r. 


©Eutectica-V 


35 


SBTeKTMKa  V 


PA3JlH4HblE  TEOPETMHECKME  nOflXOflbl  K  OnUCAHWO 
CTPyKTyPHbIX  0AKTOPOB  BXATHA  -  TOPHTOHA  EMHAPHbIX 
3BTEKTHHECKUX  CMCTEM  LllEJlOHHblX  METAJ1J10B 

H.3.  fly6uHUH,  K.fO.  LUyhwee,  \A.B.  SoHdapeHKO,  B.fl.  flucuH 
HHCTMTyT  MeTannypruM  YpO  PAH 
r.EKaiepnH6ypr,  Poccmh 

OcoSeHHOCTbK)  3BTeKTMHeCKHX  CMCTeM  B  >KMflKOM  COCTOHHMM 
aBnaeTcn,  KaK  npaBuno,  HannHMe  TeHAeHLjMM  k  paccnoeHMK).  Oahmm  m 
cnocoSoB  BbmBJieHUf?  TaKOM  TSHfleHpMM  ABrmeTCfl  ananm  3aBMCMMOCTn 
flniiHHOBOJiHOBoro  npeflena  napqManbHoro  cipyKTypHoro  cfaKTopa 
Exama  -  TopHTOHa  [1]  "KOHMempaMMH  -  KOHmempammi"  Scc(0)  ot 
codaBa  CMecM.  flaHHaa  Benmma  MO>KeT  6biTb  onpefleneHa  flByMa 
cnoco6aMn:  HanpnMyio  -  m  napqManbHbix  CTpyfcrypHbix  c()aKTopoB  Sij(q), 
v\m  KaK  BTOpaa  np0M3B0AHan  cbo6oahom  SHepmM  rn66ca  no 
KOHqeHTpaMMM.  ripn  TeopeinnecKOM  omicaH m  nepBbiM  nyTb  B03M0>KeH 
TOjribKO  b  paMKax  npn6nn>KeHMM,  ocHOBaHHbix  Ha  cTporon  TeopMM 
>KMAKoro  coctohhmh.  BiopoM  nyTb  ocymecTBUM  TaioKe  npn 
ncnorib30BaHHM  pa3nnMHbix  nonysMnMpMHecKMx  MeroflOB.  Ha  Haiu 
B3rjin,q,  npeflOTaBrineTCH  MHTepecHbiM  oqeHMTb  bo3MO>khoctm  3tmx  flByx 
npMHqMnManbHo  pa3nnMHbix  noflxoflOB  b  KOnMHecTBeHHbix 
MccneAOBaHMHX  Scc(0)  6nHapHbix  MeiarmMHecKMX  pacnnaBOB.  KBaHTOBO 
-  CTaTMCTMMecKMM  pacHei  ocymecTBnneTcn  HaMM  TpaAMLjMOHHbiM 
cnoco6oM  coBMecTHoro  Mcnonb30BaHMH  tcxhmkm  MOAenbHoro 
nceBAonoreHMMana  c  BapMaqMOHHbiM  MeTOAOM  TepMOAMHaMMnecKOM 
Teopnn  B03MymeHMpi.  H3  6onbiuoro  pa3HOo6pa3nn  cymecTByioiAMx 
nony3MnnpnHecKnx  MeTOAOB  Mbi  BbiSpanw  pm  ncnonb30BaHnn  paHee 
npeAno>KeHHbm  HaMM  m  xopotuo  ce6n  3apeKOMeHAOBaBLUMM  BapnaHT 
moagjtim  MAeanbHoro  accoqMMpOBaHHoro  pacTBopa,  coAepwamero 
KOMnneKCbi  pa3Horo  pa3Mepa  m  cf)opMbi.  B  KasecTBe  oS-beicra 
wccneAOBaHMH  bbinM  B3HTbi  3BTeKTM4ecKMe  CMCTeMbi  Na  -  K,  Na  -  Rb  m 

Na  _  QS>  LLIMpOKMM  Kpyr  TepMOAMHaMMHeCKMX  CBOMCTB  KOTOpbIX  Sblfl 

panee  AOCTaTOHHO  AGTanbHO  M3yneH  BbiuieHa3BaHHbiMM  MeT0A3MM. 
l.Bhatia  A.B.,  Thornton  D.E.  //Phys.  Rev.  B,  1970,  V.  2,  Ke  8,  P.  3004-3012. 

©H.3.  ft y6uHUH,  K.fO.  Illy  hugs,  M.B.  SoHdapeHKO,  B.fl.  TJucuh,  2000r. 
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TEPMOflMHAMUHECKME  CBOI4CTBA  PACn/IABA  Na-K-Cs 
SBTEKTMHECKOrO  COCTABA 

T.B.  Tpecpunoea,  H.3.  flyduHUH,  H.A.  BamonuH ,  A. A.  tOpbee 
Hhcthtyt  MerarmyprMM  YpO  PAH 
r.EKaTepnH6ypr,  Poccnn 

PacnnaBbi  wienoHHbix  MeiaruiOB  Bbi3biBaKrr  ocoObiPi  MHTepec 
MCc^eflOBaTerieM  no  flByM  npunnHaM:  c  TeopeinnecKOM  tomkm  3peHnn  - 
noTOMy  mo  ohm  b  cwny  npocTOTbi  cBoero  aTOMHoro  m  aneirrpoHHoro 
CTpoeHMj?,  no  cpaBHeHMfo  c  ApyrwMM  MeiaruiaMM,  HBriHKyrcn  MfleanbHbiM 
o6-beKTOM  f\nn  TecTMpoBaHMH  m  coBepmeHCTBOBaHun  pa3miHHbix 
KBaHTOBO-CTaTMCTMHeCKMX  MeiOflOB  KOflMHeCTBeHHOrO  OnweaHM^  >KMflKOrO 
MeTajuiMHeCKoro  coctohhmh;  c  npaKTimecKOM  -  nocKonbKy  ncnonb3yK)Tcn 
b  npoMbiiuneHHOCTM  b  KanecTBe  TennoHOCMTeneM.  npwaiaflHOK  MHTepec 
b  Han6ojibLueM  CTeneHM  npoHBrmeTCH  no  OTHOiiieHMn  k 
MHoroKOMnoHeHTHbiM  pacnnaBaM,  o&naflaKJLUMM,  b  ornHHue  ot  HMCTbix 
MeTamiOB,  pfiflOM  cneqncf)MHecKMX  TexHOnomHecKMX  cbomctb.  TeM  He 
MeHee  Konn4ecTBO  MMetoumePicfl  3KcnepKMeHTanbH0M  MHCj^opMauiMw  o 
H33BaHHbix  cucTeMax  cyinecTBeHHO  yMeHbLuaeicfl  c  yBerw4eHMeM  4wcna 
KOMnoHeHTOB  b  cnnaBe.  B  cbh3m  c  3tmm  TeopeTM4ecKMe  MccneflOBaHnn 
MHoroKOMnoHeHTHbix  CMdeM  Li^ejiOHHbix  MeTannoB  npnoSpeiaioT 
flononHmenbHyfO  3Ha4MMOCTb.  B  HacTomnePi  paOoie  c  ncnonb30BaHweM 
MOflncf)viL(MpOBaHHoro  HaMM  noKanbHoro  MOflenbHoro  nceBflonoTeHL^ana 
AHHMany-XeiiHe  M3y4aeTcn  cMdeMa  Na-K-Cs  3BTeKTM4ecKoro  cociaBa 
(cNa=0.139,  cK=0.435,  cCs=0.426)t  fl/ia  KOTopow  MMetOTGn 

3KcnepMMeHTanbHbie  3Ha4eHM*  Tennoibi  CMemeHHn  Ha  MHTepBane 
TeMnepaTyp  400  -  1200  K.  flocTMmyTO  xopomee  cornacwe  pe3ynbTaTOB 
pacneTa  flaHHOM  xapaicrepMCTmui  c  SKcnepwvieHTOM.  Pl3y4eHbi  TaK  >xe 
flpyrne  CBOMCTBa  paccMaipuBaeMoro  pacnnaBa,  flna  KOTOpbix 
SKcnepMMeHTanbHbie  flaHHbie  OTcyTCTByiOT. 

PaSora  BbmojiHeHa  npn  noAnep>KKe  PoccHHCKoro  (j)otma  ^ynAaMCHTajitHtix 
HCcneAOBamoi  (rrpoeKT  Jsf«  99-03-323 17a). 

©T.B.  Tpecpunoea,  H. 3.  flydunuH,  H.A.  BamonuH,  A. A.  fOpbee,  2000r. 
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TEPMOflMHAIVHKA  PlflKMX  CnJIABIB  CMCTEMU  Al-Cu-Si 

fl.  KaHi6onou,bt<uu,  O.  Eenodopodoea,  B.  CmyKano,  H.  Komoea, 

T ’  3iHeeuH 

KniBCbKMM  HaMioHanbHMM  yHiBepcmeT  iMeHi  Tapaca  QJeBHeHKa 
m.Km'ib,  YKpaYHa 

CnnaBM  CMCTeMM  Al-Cu-Si  xapaKTepMsyiOTbcn  l^hhumm 
flMBapHMMM,  TeXHOnoriHHMMU,  MexaHiHHMMM  i  Cf>i3HMHWMH 
BJiacTHBOCTfiMM.  BticoKa  piflKonniiHHicTb  Ta  BiflHOCHO  Mane  niHiMHe 
ycafl>KeHHn  A03Bonne  OTpuMyBaTu  3  ljmx  cnnaBiB  cioiaflHi  peQpucii 
fleiani  Ann  ABuryHiB  BHyTpiuJHboro  3ropaHHn. 

y  A^nin  poOoTi  6ynn  BMBMeHi  TepMOAUHaMinm  BnacTMBOCTi 
piAKnx  cnnaBiB  CMCTeMn  Al-Cu-Si  MeTOAaMU  BwcoKOTeMnepaTypHoT 
i3onepu6oniHHoi  KanopuMeTpil  npw  1750  K  Ta  eneKTpopyuuiuHux  cun  b 
iHTepBani  TeMnepaTyp  1070-1255  K.  KpiM  Toro  6ynu  po3paxoBam 
iHTerpanbHi  eHTanbnii  Ta  HaAnmiJKOBi  eHepri'i  H66ca  3MiujyBaHHH  ‘  3a 
MeTOAOM  5oHbe-Ka6o  i3  BHKOpMCTaHHnM  niTepaTypHux  A>*<epen  Ann 
rpaHMHHux  noABiMHux  cucTeM  i  eKcnepuMem-anbHWx  BennnnH  A H  Ann 
cnnaBiB  Al-Si  [1]. 

CncTeMa  Al-Cu-Si  6yna  Bnepme  AOcniA^eHa  h3mm  y  1997  p. 
KanopuMeTpMHHMM  MeTOAOM  [2].  OAHaK  AOABTKOBi  AocniA>KeHHn 
poannaBiB  Al-Si  i  nOBTopHi  eKcnepuMeHTM  Ann  noTpwHux  cnnaBiB 
A03B0nnnw  ne\i\ o  yTOHHUTu  xi‘a  i3oniHin  iHTerpanbHOi  eHTanbniV 
3MimyBaHHn. 

TlpoTe  KanopnMeTpMMHMM  eKcnepuMeHT  He  A^e  M0>xnnB0CTi 
0TpnM3TM  TaKi  Ba>KnMBi  Ann  3acrocyBaHHn  cnnaBiB  BennuuHH  nK 
TepMOAnHaMiHHa  aKTMBHicTb,  eHeprin  f“i66ca  Ta  eHTponin 
cnnaBoyTBOpeHHn.  ToMy  Ann  BUBHeHHn  8  noTpmHux  cnnaBiB, 

p03TaLU0BaHnx  Ha  npoMeHeBiix  nepepi3ax  Xqu  /  XSi  =0,70/0,30  Ta 
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0,85/0,15  (3  xAl=0,2\  0,4;0,6  Ta  0,8)  6yno  3actocoBaHO  MeTOA 

eneKTpopyujiMHMx  cun  3  piflKMM  eneicrpojiiTOM  KOHLjeHTpaLjiMHMX 
eneMeHTiB  BUfly: 

-W|AlpjAK,|  po3nnaB  KCI+NaCI+AIC!3|  AI-Cu-Si|W+. 

OTpMMaHi  flaHi  HaBefleHi  b  TaOnmji. 

EKcnepuMeHTanbHi  AOcniA>KeHHfi  TepMOflMHaMiHHux 
BJiacTMBOcreM  noTpmHMx  MeianiHHMx  cwcreM  e  Aocmb  TpyflOMiCTKMMM. 
ToMy  oco6iiMBe  3HaneHHa  Mae  poapaxyHOK  repMOflMHaMiHHMX 
xapaKTepucTMK  y  BCbOMy  KOHL\eHTpai4MHOMy  TpMKyTHHKy  3a  abhhmm  ajih 
rpaHUHHMX  noABiPiHMx  ciicTeM.  HaMM  6y.no  po3paxoBaHO  BerwHUHH  AH  i 

AGnadji  3a  MeTOAOM  EoHbe-Ka6o.  L(eM  MeTOA  BUKOpMCTOByeTbca  y 
Buna^Ky,  kojih  oflHa  3  rpaHMHHMX  noflBiMHMX  cucieM  3a  BiiacTHBOCTflMM 
Ha6nM>KaeTbca  flo  peryrmpHOi  (Al-Si),  a  y  abox  iHiuMX  cnociepiraeTbca 
3HanHa  B3aeMOAm  KOMnoHemiB. 

Ta6rmp« 

TepMOAMHaMiHHi  BJiaciHBocTi  piAKMX  cnnaBiB  cucieMM  Al-Cu-Si 

npn1173K 


nepe- 

pi3 

XCu/xsi^OJOlOW 

xCu  /xSi  =0,85/0, 15 

xAl 

aAl 

r  ai 

A  -xnadA. 

AG  A, 

Kfl^MOJIb 

AS  A! 

fl>K/Monb-K 

aAl 

y  ai 

A  OT 

Kfl)K/MOnb 

asT 

fl>K/MOJlbK 

0,2 

0,046 

0,299 

-14,35 

0,44 

0,019 

0,096 

-22,88 

5,32 

0,4 

0,173 

0,432 

-8,20 

3,52 

0,159 

0,396 

-9,03 

3,49 

0,6 

0,499 

0,831 

-1,80 

0,669 

-2,56 

0,46 

0,8 

0,763 

0,954 

-0,46 

-0,26 

0,755 

0,944 

-0,57 

-0,07 
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OipMMaHi  flaHi  y3roA>KyK)TbCfl  3  eKcnepuMeHTanbHviMM,  mo 
CBiflHMTb  npo  BiACyTHiCTb  B  CMCTeMi  Al-Cu-Si  3HaHHMX  nOTpiMHMX 
B3aeMOAiM. 

CMCTeMa  Al-Cu-Si  xapaKTepM3ycTbCfl  bSa’cmhumm  BiAxuneHHflMM 
Bifl  iAeanbHOdn.  HaMMemui  Bifl’eMHi  BenMHMHM  A H  i  A  Gucldjl 
cnociepirafOTbCfl  b  rpahMWHiM  noflBiMHm  CMCTeMi  Al-Si,  mo  HanewMTb  ao 
CMCTeM  npocToro  eBTeKTMHHoro  Tuny.  B  CMCTeMax  >xe  Al-Cu  Ta  Cu-Si  Mae 
Micue  3HaMHO  6ixibiua  B3aeMOflm  mi>k  KOMnoineHTaMM,  RKa  i  BM3HaMae 
TepMOflMHBMiHHy  noBefliHKy  noTpiMHMx  crmaBiB.  BiflnoBiAHo  y  noTpiMHiPi 

CMCTeMi  cnocTepiracTbca  36ijibi±ieHHfl  bIa'gmhmx  3HaneHb  AH  i  AGHadjl 
npM  nepexoAi  BiA  ctopohm  Al-Si  ao  MiAHoro  Kyia  KOHMem-pamMHOro 

TpMKyTHMKa. 

niTEPATYPA 
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flHinponeTpOBCbK,  1997.  -  C.  80. 

2.  5eno6opoAOBa  E.  A.,  3MHeBMH  T.  H.,  KoTOBa  H.  B.,  KaHMOonoLjbKMM  fl. 
C.,  LHep6aKOB  B.  M.  KanopMMeTpMHecKoe  onpeAeneHMe  sHTanbnMM 
CMemeHMfl  b  tpomhom  cmctcm  Si-Cu-AI  //  flpoLjeccbi  nmbfl.  -  1997.  -  N°  2. 

-  C.  3-9. 

©ft.  KanidonoubKuu,  O.  Benodopodoea,  B.  Cmynano,  H.  Komoea,  T.  3/tfeet/v,  2000r. 
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MOflEJlKDBAHHfl  TEPMOflUHAMIHHMX  BJ1ACTHBOCTEM 
P03HHHIB  B  KBA3inOflBIMHHX  CUCTEMAX  TiB2 — B4C  (TIC,  C) 

BT.  KydiH,  B.A.  MaKapa,  B.C.  Cydaeu,oea 
KniBCbKMM  yHiBepcmeT  iMern  Tapaca  LUeBHeHKa 
m.KmYb,  YKpa'iHa 

CnnaBM  i  cnonyKM,  u\o  MiCTHTb  6op,  b  ociaHHG  flecjrmpmfl 
3HaxoA^Tb  uunpoKe  3acTocyBaHHa  hk  >Kapo-,  KoposinHocTinKi,  TyronnaBKi 
Ta  HaflTBepAi  Maiepiann.B  3BH3Ky  3  amm  Meiojo  poSom  e  p03paxyH0K 
TepMOflMHaMiHHMx  BnacTMBOCTen  noflBiMHMX  po3nnaBiB  cucTeM:  TiB2 — 
B4C  (TiC,  C). 

fliarpaMM  CTaHy  pnx  KB33inoflBiMHMx  cncieM  BMBneHi  i  BiAHOCHTbcn 
AO  eBTeKTMHHoro  Tuny.  ToMy  mm  cnpo6yBann  po3paxyBain  airmBHOCTi 
KOMnOHeHTIB  CMCTeM  B  piAKOMy  CTaHi. 

BiAOMO,  mo  bmchobkm  npo  xapaicrep  Mi>KHacTKOBoY  B3aeMOAiY 
MO>KHa  3p06MTM  i3  TepMOAMHaMiMHMX  (Tfl)  BJiaCTM BOCTeM  p03HMHiB.  Aae 
Tfl  BnacTMBOCTi  po3nnaBiB  cmctom  TiB2— B4C  (TiC,  C)  ao  L\boro  nacy  He 
BMBHeHi,  OCKinbKM  OCTaHHi  BiAHOCHTbCfl  A°  CKJiaAHMX  06'CKTiB 
AocniA>KeHHfl.  ToMy  mm  nporH03yBanM  aKTMBHOCTi  KOMnoHeHTiB  3  Yx 
AiarpaM  CTaHy  AeKinbKOMa  bIaommmm  cnoco6aMM. 

HaMM  6yno  BCTaHOBaeHO,  U40  nnn  oGnacTi  piBHOBarM  TBepAMM 
KOMFlOHeHT  -p03rmaB  HBMKpaLAMM  A^fl  06HMCJieHHa  aKTMBHOCTeM 
KOMnoHeHTiB  e  piBHHHHH  LUpeAepa: 

AGj=AS  nn  (T-T  nn), 

A©  ASnn,  T  nn  -  eHTponin  i  TeMnepaiypa  nnaBneHHH  i-ro 
KOMnoHeHTy,  a  T  ~  TeMnepaiypa  nnaBneHHH  po3nnaBy. 

TaK  hk  cninbHMM  b  yeix  po3rnnHyTMX  CMCTeMax  0  amSopma  TMTaHy, 
TOMy  mm  b  nepmy  nepry  oSHncnMnn  amiBHOCTi  Aboro  KOMnoHemy. 

Ane  eHTanbniY  nnaBneHHH  po3rnnHyTMX  TyronnaBKMx  cnonyK  He 
BMBMeHi,  TOMy  mm  cnonaTKy  po3paxyBanM  em-anbniK)  nnaBneHHH 


©Eutectica-V 


41 


3B  TeKTMKa  V 


fluSopMfly  TMTaTy  no  aflflmnBHOMy  3aKOHy,BMKopncTOByK)Hn  flaHi  flnn 
npocTMX  penoBMH.  BunBnnocb,  mo  emponin  nnaBneHhm  fln6opn,qy  TiTaHy 
flOpiBHK)€  6  fl>K/MOnb’K. 

B  oSnacTi  piBHOBar  C-po3nnaB  aKTMBHOCTi  TiB2 
npoeKCTpanojibOBanM.  l\e  ao3bojimjio  BUKopucTaTM  Tx  a^  imerpyBaHH* 
PIbhahha  ri66ca-flioreMa.  OAepwaHi  iamM  hhhom  aKTMBHOCTi  TiB2  b  yciPi 
o6nadi  cKnaAiB  anpoKCHMyBann  noniHOMaMM  Ta  BHKopwcTanw  a^ 
HMcexibHO-aHaniTMHHoro  im-erpyBaHHH  piBHamnn  l"i66ca-flK)reMa.  Ha 
pMcyHKy  npeACTaBneHO  o64ncnem  aKTMBHOCTi  KOMnoHeHTiB  piAKMx 
po3nnaBiB  CMCTeMiiTiB2 — C. 
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AKTMBHOCTi  KOMnoHeHTiB  po3nnaBiB  KBaainoflBiMHMX  CMCTeM  TiB2 — C  (TiC, 
B4C,  TiCo.8) 

BMKOpMCTOByKDHM  OTpMMaHl  aKTMBHOCTi  ByiTiepK}  I  KOOp^MHaTH  JliHil 
niKBiflyc  fliarpaMM  CTaHy  CMCTeMM  TiB2 — C,  po3paxyBann  emponiio 
nfiaBfieHHfl  ByrneqK)  (9  fl>K/MOJib  K).  BcraHOBneHO,  u\o  Mi>K  TiB2  i  C  b 
piflKOMy  CTaHi  nepeBa>Kae  B3aeM0Aifl  Mi>K  oahotmohmmm  nacTKaMM.  He 
MO>KHa  nOfICHMTM  p03MlpHMM  C})aKTOpOM. 

flani  6y/in  po3paxoBaHi  eHTanbnii  Ta  eHTponii  nnaBneHH*  TiC.  He 
A03Bonnno  OTpuMaTM  aKTMBHOCTi  KOMnoHeHTiB  b  p03nnaBax  TiB2 — TiC, 
HKi  HaBefleHi  HM>KHe.  AHanoriHHo  6ynvi  po3paxoBaHi  aKTMBHOCTi 
KOMnoHeHTiB  b  po3nnaBax  CMCTeM  TiB2 — TiC  i  TiB2 — B4C  (pMcyHOK). 

Bmaho,  mo  aicrMBHOcri  KOMnoHeHTiB  xapaKTepM3yK>Tbcn  ho3mtmbhmmm 
BiflXMneHHHMM  Bifl  3aKOHy  Paynn.  Oflep>KaHi  AaHi  CBiAHaTb  npo  c/iaSKy 
TeHfleHi;iK)  flo  Mi>KHacTKOBOi  B3aeMOfliT  y  p03mnHyTMX  CMcreMax,  usp 
A03B0J1HG  3po6MTM  bmchobok  npo  BiflcyTHicTb  noTpiPiHMX  cnonyK  b  ljmx 
CMCTeMax  y  piAKOMy  CTaHi. 

TaKO>K  6ynn  po3paxoBaHi  aKTMBHOCTi  MeTaniB  b  noflBiMHMX 
CMCTeMax  3d-MeTan — 6op  b  odnacri  eBTeKTMHHnx  piBHOBar. 
BcTaHOBJieHO,  ipo  Ana  noABiMHMX  CMCTeM  Ti(W)— B  xapaKTepHi  He3HanHi 
BiA’GMHi  BiAXMJieHHH  BiA  3aK0Hy  Pay nn,  a  CMcreMM  Mo(C) — B  b  piAKOMy 
CTaHi  6nM3bKi  ao  iAeanbHMX.  He  CBiAHMTb  npo  Te,  Lqo  b  3a3HaneHMx 
cnnaBax  Ha  ocHOBi  Mo  a6o  B  He  npoflBnneTbcn  CMiibHa  MbKnacTKOBa 
B3aGMOAin,  xapaicrepHa  a*ih  cepeAHboro  KOHpeHTpapiMHoro  iHTepBany. 

It3k,  AJia  npomo3yBaHHH  noBeAiHKM  po3nnaBiB  noABiMHMX  i 
KBa3inOABiMHMX  eBTeKTMHHMX  CMCTeM  AOAiJlbHO  BMKOpMCTOByBaTM 
KOopAMHaTM  jliHiM  niKBiAyca  i  piBHHHHH  UUpeAepa.  KpiM  Toro,  i3  ijmx 
AQHmx  MO>KHa  po3paxyBaTM  TepMOAMHaMiHHi  xapaKTepMCTMKM  npopecy 
nnaBneHH??  TyronnaBKMX  cnonyK  i  eneMeHTiB. 

©B.r.  KydiH,  B.A.  Manapa,  B.C.  Cydaeifoea,  2000p, 
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0A3OBI  PIBHOBAfM  TA  TEPMOfllHAMIHHl  BJ1ACTHBOCTI 
KBA3inOflBll/IHHX  CMCTEM  MP03-CeP309  (M-Li,Na,K,Rb,Cs) 

B.  B.nicHM,  B.  C.  Cydaeu,oea,  M.  C.  CnododfiHUK 
KMiBCbKMM  YHiBepcm  iMeHi  Tapaca  LLieBHeHKa 
m.Km'ib,  yKpai'Ha 

BUBHeHHa  TepMOflMHaMiMHMX  BnaCTMBOCTeM  pi3HOTMnHMX 
^y>KHO(})oc4)aTHMx  CMCTeM  npeflCTaBrifie  Ha  cboroAHi  3H3mhmm 
flpaKTMHHMM  ia  TeOpMTMHHMM  JHTepeC,  B  3B  H3Ky  3  IX  BMKOpMCTaHHHM  B 
HKOCTi  TexHiHHMX  4)mociB  Ann  cnHTe3y  MOHOKpMCTaniB  TyronjiaBKMX 
OKCMAHHX  MaTepianiB.  flna  BH3HaneHHH  oco6nnBOCTePi  4)a3oyTBOpeHH*  b 
CMCTeM  ax  MP03’CeP309  (M-Li,  Na,  K,  Rb,  Cs)  npoBeAeHO  AHcf)epHAiMHO- 
TepMiHHMM  aHani3  OTpMMaHMx  4)33  Ta  no6yAOBaHO  fliarpaMM  CTaHy 
KBa3inOABiMHMX  CMCTeM. 

Phc.  1  ^arpaMa  craHy  chctcmh  KPOfCePsOg 


flu*  npMKJiaAy  na  pmc.1  HaBeAeHO  A»arpaMy  CTaHy  cmctcmm 
KP03-CeP309 
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BcTaHOBneHO,  ll^o  npn  B3aeM0fliY  eKBiMonbHux  cniBBi^HOiiieHb 
Merac(Docc|}aTy  ny>KHoro  Meiany  Ta  TpunonictDocc^aiy  qepiK) 
yTBOptOK)Tbc?i  cnojiyKM  CKnafly  MCe(P04)3,  140  iHKOHrpyeHTHO 

nnaBJiflTbCfl  npn  970,  870,  880,  892  Ta  890  °C,  BiflnoBiflHO. 
TepMnepaTypn  p03Knafly  HaBefleHnx  cnonyK  CBiflnarb  npo  Yx  6nn3bKy 
TepMiHHy  CTaOmbHiCTb.  flim  npOBe,qeHHfl  MOflejiFOBaHHn  xapaKTepy 
Mi>KHacTKOBOi  B3aeMOflii  b  po3nnaBax  HaBeflenux  cucjeM,  po3paxoBaHo 
aKTMBHOCTi  cftocclDaTiB  Jiy>KHMx  MeianiB  Ta  Tpnnonict)oc(})aTy  i\epno  b 
oOnacTi  eBTeicTMHHMx  piBHOBar.  Po3paxyHKM  npOBefleHO  3riflHO  piBHHHHfl 

lllpeflepa:  A  G,=ASnni(Tnn 

"7/n/rj>  fl6  ASnnj.  T3 

T"//7/7t  emponm  Ta 

TeMnepaTypa  nnaBneHHH  cnonyKM,  Tnn  TewnepaTypa  nnaBneHHa 
p03nnaBy.  EHTponiY  nnaBneHHfl  MeTacfroccbaTiB  nywHiix  weTaniB 
cucTeMax  MP03  fle  M  -  Li,  Na,  K,  Rb,  Cs,  BiflOMi  3  jiiTepaTypM  Ta 

CTaHOBJi^Tb:  23,86,  19,2,  16,94,  42,25,  41  fl>K/MonbXK,  BiflnoBiflHO.  flna 
Tpnnonic})occf)aTy  pepiio  em-ponm  nnaBJieHHa  po3paxoBaHa  3a  flaHHMMM 
Ana  BiflnoBiAHMX  OKCHfliB  no  a^MTUBHHMy  3aKOHy.  BmcopMCTOByioHM  ,qaHi 
no  TeMnepaTypaM  TonneHHH  po3nnaBiB  KBa3i6iHapHMx  cucTeM 
po3paxoBaHO  aKTMBHOCTi  MeTac(3occ[}aTiB  JiywHMx  MeTaniB  Ta 
Tpuno/iicjDoccfjaTy  pepiio.  B  o6nacTi  eBTeKTMMHux  piBHOBar  (hmctmm 
KOMnoneHT  -  po3nnaB)  ,qrm  Kanin-  Ta  py6iflMBMicHnx  cucTeM 
cnocTepiraiOTbc^  HeBennKi  Bifl'eMHi  BiflxnneHHn  bia  3aKOHy  Payrm. 
3Ha4eHH*  aKTMBHOCTePi  MP03  (A7-JL/,  Na,  K)  conbOBnx  po3nnaBiB 
po3rnBHyTMX  cucTeM  niflKopnKDTbcn  3aKOHy  Payrm.  HanivieHbLiJOK) 
Mi>KHaCTKOBOK)  B3a6MOfliGK)  XapaKTepM3yK)TbCfl  JliTiPiBMiCHi  p03niiaBM,  ll\0 
oOyMOBneHO  p03MipHHM  CpaKTOpOM  (BeilMKOK)  pi3HMl4efO  aTOMHMX 
pafliyciB  niTiio  Ta  qepifo).  3a  KOopfliiHaTaMM  niKBiflycy  oOnacri  piBHOBar 
po3nnaB-CeP309  po3paxoBaHi  aKTUBHOCTi  Tpnnonic^occfjaTy  pepiio  xk\ 
npoeKCTpanoiiKDBajiM  Ha  Becb  KOHqeHTpauiMHwn  iHTepBan  Ta 
BHKopHTcanw  fl/iH  iHTerpyBaHHn  piBHHHHfl  fi66ca-fltoreMa.  BcTaHOBHjiM, 
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mo  aKTMBHOCTi  KOMHOHeHTiB  BCiX  BMBH6HMX  CHGTeM  xapaKTepM3yK)TbCa 
BenMKMMM  BifleMHMMM  BiflXMJieHHflMM  Bifl  ifleanbHMX  p03HMHiB  B 
cepe^HbOMy  KOHqeHTpaqiMHOMy  iHTepBani.  npHKnafly  Ha  pnc.2 

npMBefleHi  Aani  <qrm  aKTMBHOCTevi  KOMnoHeHTiB  b  p03rmaBax 
KBa3inoflBiMHoY  cmctomm  KP03-CeP309.  Ha  ocHOBi  oflepwaHMX  abhmx 
po3paxoBaHO  eHeprfi  I“i66ca  3MiwyBaHHH  po3rmaBiB  b  WMpoKOMy 

KOHMeHTpai^iMHOMy  iHTepBani  (Ta6n.).  MiHiMyMH  -AGHap,n  npnnaflaK)Tb  Ha 
eKBiaTOMHi  cioiaA  BCix  bhbhohhx  CMCTeM.  npM  HeBexiMKMx  neperpiBax 
Bv\u\e  TnnaB  cnociepiraeTbca  cwribHa  Mi>KHacTKOBa  B3aGMOflin  b  piflKOMy 
OTaHi. 


Ta6jim\fl 


EHepriV  3MimeHHFi  H66ca  Ana  po3nnaBiB  cucieM  MP03-CeP3Og  ne  M-  Li, 
Na,  K,  Rb,  Cs, 


CucTeMa 

LiP03- 

CbP3Oq 

NaP03- 

CaP3Og 

kpo3- 

CeP3Og 

RbP03- 

CbP3Os 

CsP03- 

CeP3Og 

-Ag Hafln 

Kflw/MOnb 

2,1 

6,37 

10,37 

11,77 

8,59 

-Ag 

KflMC/MOflb 

10,23 

14,5 

18,5 

19,9 

16,72 

©B.B.flicHfiK,  B.C.Cydaeitoea,  M. C, CrtododnHUK,  2G00p. 
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TEPMOflUHAMUHECKME  CBOMCTBA  >KHflKHX  CHJIABOB 
CMCTEM  Fe-Nb(Ta,W) 

B.  Cydaeu,oea,  H.BoeKompyd,  B.  KyduH 
KneBCKMii  yHMBepcnT6T  MMeHM  Tapaca  LUeBHeHKO 
r.KneB,  YKpanHa 

CnnaBbi  Ha  ocHOBe  >Kene3a,  oco6eHHO  MHoroKOMnoHeHTHbie, 
nonyMMHH  wMpOKoe  npHMeHeHMe  b  pa3jiMHHbix  obnacrrax  tgxhmkm.  flrm 
coBepuueHCTBOBaHHH  cxeM  jiernpOBaHna  CTanew  m  CBapOHHbix  npoBonoK, 
MeTOflOB  nonyMeHMH  MaiepnanoB  Ljenecoo6pa3HO  MccneflOBaTb 
TepMOflMHaMHHecKHe  CBofiCTBa  cnnaBOB,  6jim3kmm  no  cociaBy  k  CTarmM. 

BnepBbie  MeTOflOM  3flC  b  MHTepBane  KOHLjeHTpatJiMM  0,85  <  xFe  < 
1,0  npn  1854,  1843,1870  K  MCcneflOBaHbi  aKTMBHocTM  KOMnoHeHTOB  b 
>kmakmx  cnnaBax  CMcreM  Fe-Nb(Ta,W)  c  noMombK)  K0HqeHTpai4H0HHbix 
Menen  bm pa: 

W-W02/Zr02-Y203/  Fe-Nb(Ta,W),  MxOy 

W02  CMHTe3MpOBaJlM  no  MeTOflMKe  M3  nOpOLUKOB  BOJlb(})paMa  M 
W03  PaBHOBecHbie  3HaneHMa  3 flC  LjeneM  ycTaHaBnnBanncb  b  TeneHMe  30 
MMHyr  m  BOcnpOM3BOflnnMCb  ot  onbna  k  onbiTy  c  TOHHOCTbK)  0,3%. 
llonyHeHHbie  3Ha4eHMfl  3flC  m  aKTUBHOCTGn  Bonbcf)paMa  b  pacnnaBax 
CMCTeMbi  >Kene3o-B0jibc(DpaM  npM  1870  K  npMBeAeHbi  HM>Ke: 


Xw 

E-103,  B 

aw 

aw* 

0,068 

70,8 

0,1724 

0,1479 

0,0188 

58,9 

0,2317 

0,2221 

0,0298 

44,5 

0,3313 

0,3098 

0,03541 

32,1 

0,4507 

0,4162 

0,1209 

27,7 

0,5027 

0,3829 
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BbiHucneHne  aKTMBHOcreM  BonbcppaMa  OTHocnTenbHO  TBepfloro 
BonbcppaMa  npon3BOflwnn  comacHO  M3BecTHOMy  comaiueHMK): 

aw  -  exp(-4FE/RT) 

nepecneT  Ha  flpyroe  craHAapTHoe  cocTonHne,  a  MMeHHo  >kmakmm 
nepeoxna>KqeHHb!H  BO/ibc^paM,  BbinonHann  no  ypaBHeHMto; 

din  ayj  dT=  -  HW/RT2. 

YcrraHOBneHO,  hto  aKTMBHOCTH  BOJib(|)paMa  cnnaBOB  CMCTeMbi  Fe-W 
xapaKTepn3yK3Tcn  oneHb  bonbLUMMM  nono>KHTenbHbiMH  OTKnoHeHMHMM  ot 
HAeanbHbix  pacrBopoB,  KOTopbie  c  noHMweHMeM  TewnepaTypbi 
yMeHbiuaK)TCH.  rionyHeHHbie  HaMM  flaHHbie  xopomo  comacyKJTcn  c 
aKTMBHoernMM  BonbcfcpaMa,  onpefleneHHbix  MeTOflOM  30c)Dy3nn. 

flepexoA  ot  3fiC  3Toro  3neMeHTa  k  3neMeHTaM  c  sneKTpOAaMM 

cpaBHeHMn  Nb-Nb205,  Ta-Ta205  BbinonHeH  nepe3  G  o6pa30BaHM*  stmx 

OKCMflOB, 

flnarpaMMbf  coctohhmh  abomhux  chctgm  Fe  -  Nb(Ta)  MMeioT 
obnacTb  3BTeKTMMecKoro  paBHOBecnn  TBepAbin  Nb(Ta)->KnAKMe 
pacTBopbi.  Hcnonb3yn  KoopAMHaTbi  nmm  nnKBMAyca  BbNMcnnnM 
aKTMBHOCTH,  napL\ManbHbie  3HTanbnMM  m  3HTponnn  CMeuieHMn  Nb  m  Ta  no 
pa3paboTaHH0M  HaMM  MeTOAnKe.  B  cMCTeMax  Fe  -  Nb(Ta)  o6pa3yjOTcn 
no  OAHOMy  KOHrpyaHTHO  nnaBameMy  coeAMHeHwo  (FeNb,  FeTa). 
ri03T0My  b  obnacTM  paBHOBecMM  TBepAoe  coeAMHeHne-wnAKMM  pacTBop 
Mbi  Mcnonb30BanM  ycoBepuueHCTBOBaHHbiM  MeTOA  Xaycf)c(De-BarHepa. 
BbmMcneHHbie  m  3KcnepMMeHTanbH0  ycTaHOBneHHbie  aKTMBHOCTM  Nb  m 
Ta  xopomo  KoppeuMpytOT  Me>Kqy  co6om.  3to  Aano  B03M0>KH0CTb 

33BMCMM0CTM  In  Yia{Nb)=  f(X2)  npeACT3BMTb  B  BMAG  nOJIMHOMOB  BMAa: 

In  yTa=  0,07531  -  0,04076  XFe  +  0,8465  X2Fe  -  2,7901  X3Fe 

In  yNb=  -  0,08853  -  1 ,2691  XFe  +  0,3068  X2Fe  +  0,8930  X3Fe 
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m  npoBecTH  HMcenbHo-aHanmMHecKoe  MHTerpMpoBaHMe  ypaBHeHna 
fn66ca-flK)reMa.  nonyneHHbie  HaMM  flaHHbie  npuBefleHbi  Hn>Ke: 


Fe-Ta 

Fe-Nb 

X2 

0,20 

0,40 

0,60 

0,80 

0,20 

0,40 

0,60 

0,80 

ape 

0,07 

0,25 

0,55 

0,85 

0,13 

0,29 

0,44 

0,8 

a2 

0,82 

0,62 

0,34 

0,17 

0,67 

0,37 

0,19 

0,6 

Aktmbhoctm  >xene3a  n  hmo6mh  b  >kmakmx  cnnaBax  stmx  cncreM 
o6Hapy>KMBaK)T  HeSonbLiine  oipuL^aTenbHbie,  a  aKTMBHOCTM  TaHTana  — 
3HaKonepeMeHHbie  OTKnoHeHMH  ot  noBefleHiin  n,qeanbHbix  pacrBOpOB,  hto 
KoppenupyeT  c  flaHHbiMM  TBepflbix  cnnaBOB.  HabnKyjaeTCH  comacne 
Me>Kqy  nonyneHHbiMn  hbmh  m  nmepaTypHbiMM  flaHHbiMM  Ana  aHanornHHOM 
cucreMb!  Fe-V.  Bmaho,  hto  aKTMBHOCTM  >xene3a  b  cucieMax  Fe  -  Nb(Ta) 
npoHBnniOT  He  oneHb  Sonbwne  OTKnoHeHMH  ot  MfleanbHbix  pacTBopoB. 

Ann  oi^eHKM  3Heprnn  B3anMOflewcTBHH  cnnaBOB  flBOMHbix  cncieM 
Fe  -  Nb(Ta,  W)  n  Fe-W-AI  M3yHnnn  TepMOXMMMHecKi/ie  CBOKCTBa  npH 
1900K  MeTOflOM  KariopuMeTpHM  m  paccHmajiM  weTOAOM  BoHbe  M3 
flaHHbix  ABOMHbix  rpaHMHHbix  cucTeM  £nn  Fe-Nb(Ta,W)-AI. 

noKa3aHO,  hto  BBe^eHMe  anfOMWHHH  b  pacnnaBbi  x<ene3a 
Bbl3blBaeT  M3MeHeHMH  SHTanbnMM  CMemeHHH  B  CTOpOHy  yBeJIHHeHHH 
3K30TepMMHeCKHX  aCpCfieKTOB  CniiaB006pa30BaHMH,  MllHHMyM  Ha 
nOBepXHOCTHX  3HTailbnMM  CMeiUeHUH  Bcex  CMCTeM  npMXOflMTCH  Ha 
>Kejie30-ariK)MMHMBbie  crmaBbi, 

CoBOKynHOCTb  nonyneHHbix  TepMOAHHaMMHecKnx  cbomctb  >khakmx 
cnnaBOB  chctcm  Fe-Nb(Ta,W),  Fe-Nb(Ta,W)-Al  CBHfleTenbCTByiOT  o 
BnHHHMM  paanHHHbIX  MeTannOB  Ha  aKTMBHOCTM  KOMnOHeHTOB  H 
SHepreTHKy  o6pa30BaHnn  pacTBopoB,  6nn3Knx  no  cocTaBy  k  CTannM. 

©  B.  Cydaeijoea,  H.BoeKompy6,  B.  KyduH,  2000r. 
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O  METACTABMJIbHbIX  OA3AX  B  CMCTEME  AL-SI 

BM.  Ma3yp,  A.B.  Ma3yp,  A.fO.  LUnopmbKO 
HaMMOHanbHaa  MeTajinypraMecKaa  AKafleMna  YKpanHbi 
r.flHenponeTpOBCK,  YicpaMHa 

M3BeCTHO,  HTO  B  3aBMCMMOCTM  OT  npeflblCTOpHM  CnJiaBa  B  flaHHOVI 
CMCTeMe  C  TOM  MJ1M  MHOM  CTeneHbK)  BepOHTHOCTM  MOryT 
peann30BbiBaTbCfj  flBa  Tuna  4>a30Bbix  paBHOBecMki:  CTaSunbHoe  m/mjim 
MeTacia6mibHoe.  TnnMHHbiM  m  xopoiuo  M3yMeHHbiM  npMMepoM  cny>KMT 
cucTeivia  Fe-C.  3flecb  yrnepo^HbiM  KOMnoHem  o6pa3yeT  m6 o 
cTa6nnbHyK)  dpaiy  -  rpatf>MT  c  KOBaneHTHO-nojipipM3ai4MOHHbiMM 
MewaTOMHbiMM  cbh3hmm  jm6o  MeTacTa6MiibHyK)  cf>a3y  -  L^eMeHTm 
(Fe3C),  xapaKTepn3y»OL4yK)c«  reTepoflecMMHHbiMM  MewaTOMHbiMM 

CBA3HMM  CO  3HaHMTejlbHOM  flOJieM  MX  MeTanJlM3ai4MM. 

CMdeMa  Al-Si  b  cyn^HOCTM  nBnneicn  6jim3kmm  (J)M3mko-xmmm- 
necKMM  aHanoroM  CMCTeMbi  Fe-C:  >Kene30  m  anioMMHMM  -  TMriMMHO 
MeTannMHecKMe  KOMnoHeHTbi,  yrnepo^  m  KpeMHMM  o6pa3yiOT 
KOBaneHTHbie  TBep^bie  4>a3bi.  FloaTOMy  B03M0>KH0CTb  MeiacTaSMnbHbix 
ct>a30Bbix  paBHOBecMM  b  CMCTeMe  Al-Si  anpMOpM  He  HBnaeTCH 
HeO>KMAaHHOM. 

BepOHTHo,  BnepBbie  MeTacraSMJibHbie  cpa3bi  b  CMCTeMe  Al-Si 
6bmM  o6Hapy>KeHbi  b  [1].  B  npo^yKTax  bwcokockopocthom 

KpMCTaf!JlM3ai4MM  3TM  BBTOpbl  o6Hapy>KMnM  HapHfly  C  paBHOBeCHbIMM  OC-AI 

m  (3-Si  TaioKe  pse  HepaBHOBecHbie  c})a3bi:  nepecbimeHHbiM  a-TBepflbiM 
pacTBOp  m  cmjtiml\ma  (Al , S i)  Ky6M4ecK0M  cmhtohmm  c  napaMeTpoM 

a=6,989lA  ,  Ha3BaHHbm  X -  $a30M. 

LUMpOKMM  noMCK  MeTacTaSMJibHbix  cf)a3  b  cmiaBax  CMCTeMbi  Al-Si 
c  BapMaLjMeM  KOHqeHTpaqMM  Si  ot  6  ao  40,56%,  npoBeA©HHbiM  b 
JiaSopaTOpMM  aBTOpOB  K.M.Y3J10BblM,  BCKpblJl  AOCTaTOHHO  CHO>KHyK) 
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cmyai^nK).  CnnaBbi,  npnroTOBiieHHbie  m  nwcTbix  KOMnoHeHTOB,  npn 
KOMHaTHoPt  TeMnepaType  AeMOHCTpnpoBann  BecbMa  cnowHbm  Habop 
MopctiojiorMii  KaK  nepBMMHbix,  t3k  m  SBTeKTMHecKMx  CTpyicryp,  HO 

HeM3MeHHO  flByXCj3a3HblM  (OC+Si)  COCTaB.  M  flMLUb  peHTreH0Cf>a30BblM 
aHani43  b  MHTepBane  TeMnepaTyp  77  K  -  293  K  BCKpbm  3aKOHOMepHOCTM 
noHBneHMH,  B3anMHoro  npeBpameHMfl  h  nocneAyioujero  pacnafla 
MeTacTaSwnbHbix  c£a3,  Bbi3BaHHbix  noBbiiueHMeM  TeMnepaTypbi 
MCcneflOBaHHH.  HatifleHbi  flBe  HOBbie,  paHee  Hen3BecTHbie,  cpa3bi: 

opTopoM6nMecKa«  Tuna  CHnnMaHHTa  T|  (  a=7,4770  A,  b=7,663  A, 

c=5,759  A)  m  reKcaroHajibHaa  0)  -  <$a3a  (  a=5,0597  A,  c=1 1,0225  A). 
llocTpoeHa  mnoTeTMHecKaH  cxeMa  flnarpaMMbi  MeTacTaOwnbHbix 
paBHOBecHM  b  CHdeMe  AI-SI  [2].  B  CBH3H  c  stum  6bina  nociaBneHa 
3aflana  M3yHHTb  3aKOHOMepHOCTn  M30TepMHHecKoPi  KpncTannn3ai4Mn 
cnrraBa  OKonoaBTeicrnMecKoro  cociaBa  c  npwMecnMM  >Kene3a  (  Mac.%)  Al- 
10,2Si  -  0,3Fe.  OOHapyweHbi  MeTacTa6njibHbie  SBTeicrMKM,  c(3a30BbiM 

cociaB  KOTopbix  MeHneTca  b  3aBMCMMOCTn  ot  neperpeBa:  (J5l+T|)  n 

(CC+OD).  HHTepecHO,  mto  b  npMcyTCTBMM  npnMecHoro  >Kene3a 
MeiacTaOmibHbie  $a3bi  o6Hapy>KMjiM  noBbiweHHyio  ycrowHHBOCTb,  hto 
no3Borin.no  npoBOfliiTb  peHTreHOBCKyK)  ct>eMKy  ywe  npw  KOMHaTHoPi 
TeMnepaType  [3]. 

B  CBH3M  c  TeM,  mto  MeTacTaOnnbHbie  c})a3bi  Tuna  CHnni^MflOB  c 
HanOonbLueM  BeponTHOCTbio  BCTpenaiOTCfl  b  cnnaBax  3a3BTeKTHHiecKoro 
cocTaBa,  b  iiaOopaTopnii  aBTOpoB  Obiiin  Ta^aTeribHO  M3yHeHbi 
3aKOHOMepHOCTM  o6pa30BaHMn  m  pacnafla  gthx  <$a3.  MeTOflHKy 
M30TepMHHecKon  KpncTajinn3ai4nn  ycoBepiueHCTBOBann  c  Ljenbio 
yMeHbLueHMfl  BpeMeHH  CMeHbi  TeMnepaTypbi  o6pa3i4a  ot 
nepBOHanaribHoro  HarpeBa  ao  TeMnepaTypbi  n30TepMMHecK0Pi  Bbiflep>KKn. 

floATBepM^eHO  noHBJieHne  X,  T|  n  CO  cj)a3  n  o6Hapy>KeHa  HOBan,  paHee 
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HeM3BecTHaa  TeTparoHanbHan  as  -  cjDaaa  (a=3,695  A,  c=7,160  A, 
c/a=1,937).  YTOMHeHa  m  paci±inpeHa  flwarpaMMa  MeiacTa6nnbHbix 
paBHOBecMM  (anKJMMHueBbiM  yron),  onpefleneHbi  TeMnepaTypHO- 
BpeMeHHbie  MHTepBanbl  yCTOMHMBOCTW  >KMflKOM  Cf)a3b!  B  CyeilUKBMflyCHOM 
oSnacTM  n  TeMnepaTypHO-BpeMeHHbie  nHTepBanbi  nnaBneHwn 
MeTacTaSmibHbix  4>a3  b  3aBMcnM0CTH  ot  TeMnepaiypbi  HananbHoro 
HarpeBa  [4].  B  stom  pa6oie  BnepBbie  CflenaH  npnHAnnnanbHO  Ba>KHb!M 
Ann  noHMMaHMa  KpncTannM3ai4MM  cunyMMHOB  BbiBOfl  o  nceBAOMopc|)03e 
nepBMHHblX  KpMCTanriOB  KpeMHWfl  B  COOTBeTCTBHH  c  MOpc^onorMeM 
KpuciannoB  pacnaBwuxcn  MeTacTaOkinbHbix  dpa3. 

Hcnonb30BaHvie  AcnaHOBbtM  X.C.  b  na6opaTOpnn  aBTopoB 
MeTOAMKM  TpaHCMMCCMOHHOM  3JieKTp0HH0M  MMKpOCKOnUM  M 

MMKpoflncf)paKAMM  tohkhx  6bidpooxna>KfleHHbix  nneHOK  cnnaBa  Al  - 
18,68Si  noflTBepAnno  o6pa30BaHne  b  hmx  nepeHHcneHHbix 
MeTacTaSunbHbix  <t>a3  n  no3Bormno  o6Hapy>KMTb  HOByfo,  paHee 

HeM3BecTHyK)  \|/-cj)a3y,  MMeioinyK)  TeTparoHanbHyio  peineTKy  c 

napaMeTpaMM  a=4,500  A,  c=8,199  A.  riepucTbie  KpMCTannbi  Y|Acj)a3bi 
nonHOCTbK)  pacnaflanucb  noA  sneKTpoHHbiM  nyHKOM  b  TeneHne  4  MWHyT, 
OAHaKO  Ao6aBKM  0,05%  Sr  33MeTHO  noBbiwanw  ee  ycToiiHMBOCTb,  mto 
no3BOJiwno  npoBecTH  m  oOcTonTenbHbie  pemreHOCTpyKTypHbie 
MccneAOBaHMfl,  noATBepAMBinne  BbiBOAbi  aneKrpoHHon  MMKpocKonnn  [5]. 

Bnmme  AJiHTenbHcm  BbiAepwKn  npn  TeMnepaiype  20  °C  Ha 
ycTOMHMBOCTb  MeiacTaOnnbHbix  4>a3  3aKaneHHbix  nneHOK  cnnaBa  Al- 
10,6Si  M3ynann  b  na6opaTopwn  aBTOpOB  c  noMOLAbK)  opwmHanbHOw 
HM3KOT6MnepaiypHOM  KaMepbi  peHTreHOBCKoro  Ancf>paKTOMeTpa  flPOH- 
3M.  riOKa3aHO,  hto  BbiAepWKa  3aKaneHHbix  nneHOK  b  TeneHMe  70  mmh,  48 
nacoB  m  144  nacoB  npMBOAm  k  pacnaAy  nepecbiiAeHHoro  TBepAoro  OL4K 
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pacTBopa  m  MeiacTaSmibHOM  T|  -  c|)a3bi  m  yMeHbweHmo  CTeneHM 
TeTparoHanbHocTu  (0  -  c(3a3bi  [6], 

HecMOTpa  Ha  to,  hto  HMeiiMCb  flociaiOHHO  Hafle>KHbie  AaHHbie 
no  napaMeipaM  pemeTOK  MeiacTa6mibHbix  (paz  b  otcrreMe  Al-Si, 
nonyHeHHbie  pa3HbiMH  aBTopaMii,  Bonpoc  o  cTexnoMeipnM  cpaz 
ocTaBancH  OTKpbiTbiM.  3to  Bbi3biBano  onpefleneHHbie  comhohhh 
OTHOCMTeilbHO  KOppeKTHOCTM  HOCTpOeHHH  AMarpaMMbl  MeTaCTaSnilbHblX 
4>a30Bbix  paBHOBecMki  b  uccneflyeMOM  CMCTGMe.  BawHbm  mar  6bin 
CfleriaH  PhOoboh  H.C.  b  jia6opaTopnn  aBTOpOB.  OHa  BnepBbie 
npMMeHiina  stmx  Menevi  npHMbie  M3MepeHnn  KOHi^eHTpamiM  Si  b 

CMJIMMMAHbIX  BeTBHX  3BTeKTMH6CKMX  fleHflpMTOB  C  HOMOLpbfO  BOJlHOBOrO  H 
3HepreTMHecKoro  cneicrpoMeTpoB,  yciaHOBneHHbix  Ha  npn6ope 
"CAMEBAKS",  c  penbK)  M3MepeHMH  hhtohchbhoctm  peHTreHOBCKoro 
M3JiyMeHMH  npn  Tone  30Hfla  10"7-109  A.  Pe3y/ibTaTbi 
peHreHocneKrparibHoro  MWKpoaHaxiM3a  conociaBmuiM  c  flaHHbiMH 
peHTreHOCTpyKTypHoro  aHajiM3a.  YTOHHeHbi  napaMeTpw  pemeTOK 
MeTacTaSmibHbix  (pas.  HaftfleHa  HOBa n  TeTparoHajibHaa  p  -  (pa3a  c 
napaMeipaMH  peixieTKH  a=  4,487  A,  c=  5,160  A,  c/a=  1,45  [7]  . 
KoHL^eHTpapHM  MeTacTa6nnbHbix  (pas  m  hx  CTexMOMeTpMHecKiie 
cfopMynbi  npMBefleHbi  b  TaOnm^e. 

Taione  yTOHHeHa  BbicoKOTeMnepaiypHaa  o6nacTb  flwarpaMMbi 
MeTacTa6njibHbix  c(}a30Bbix  paBHOBeckw  b  CMCTeMe  Al-Si  m  HaHeceHbi 
oOnacTM  roMoreHHOCTM  MeTacTa6mibHbix  (pas  (cm.  phc.). 
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KoHueHTpamifl  m  cTexMOMeTpMH  MeTaciaSunbHbix  npOMe>KyTOHHbix  cf)a3 


MeTacTa6nnb- 
Ha«  npOMe>Ky- 
TOHHaa  dp a3a 

Tun  KpMcramiM- 
MecKOM  CTpyKTy- 
pb! 

Coflep>KaHMe 

K0Mn0H6HT0B, 

aT.% 

Bepofrmafl 

cTexwoMeT- 

pMHecKaa 

cpopMyna 

AI 

Si 

x 

KySimecKaa 

91,5-93,0 

7, 0-8, 5 

AieSi 

n 

poM6MHecKaa 

82,0-85,0 

15,0-18,0 

AI4Si 

CO 

reKcaroHanbHaa 

68,0-71 ,0 

29,0-32,0 

AI7Si3 

as 

TeTparoHanbHa^ 

61,5-62,5 

37,5-38,5 

AI62S138 

V 

TeTparoHanbHaji 

55,0-58,0 

42,0-45,0 

Al3Si2 

p _ 

TeTparoHajibHaa 

48,0-49,0 

51,0-52,0 

AI  Si 
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B3AMMOflEl?ICTBHE  flBOHHbfX  3BTEKTMK  B  CHCTEMAX 
AL-Zn-Ca  (Sr,  Ba) 

l/I.H.r aHuee3,  X.M.  Ha3apoea,  M.M.  XaKdodoe6 ,  HM.  r aHueea 3 

а)  HHCTMTyT  XMMMM  HM.B.l/l.  HMKMTMHa  AH  PeCnySflUKM  TaA>KMKMCTaH 

б)  Mhctmtyt  npOMbiLuneHHOCTM  PecnySnuKM  TaA>KMKMCTaH 
r.flyiuaHOe,  Pecny6nMKa  TaA>KMKMCTaH 

fluarpaMMbi  coctohhmh  cncrreM  Al-Zn-Me  (rAO  Me  -Ca,  Sr  urm 
Ba)  nocTpoeHbi  c  npuBneneHMeM  pemreHoc|)a30Boro, 
AMCjDCfjepeHAManbHO-TepMMMecKoro  m  MHKpocTpyicrypHoro  mbtoaob 
MCcneAOBaHMH.  B  cucrreMax  oOHapyweHbi  wecTb  TpofiHbix  coeAHHeHMPi 
cocTaBOB  MeAI2Zn2  m  MeAlZn,  HaxoA^muxcH  b  paBHOBecuvi  Me>KAy 
co6oii  m  c  MHTepMeTanuMAaMM  SoKOBbix  cucTeM.  B  oSnacTM  0-33,3  a t.% 
Ca,  Sr  w  Ba  ycraHOBJieHbi  cneAywLAne  AByxc})a30Bbie  paBHOBecvm:  Zn- 
MeAI2>  MeAI2-MeZn2>  Zn-MeAlZn,  MeAIZn-MeAI2Zn2,  MeAIZn-MeZn13j 
MeAI2Zn2-MeAI4,  Zn-MeAI4,  nacTb  M3  KOTopbix  ABJinKyrca 

KBa3M6MHapHblMM. 

Pa3pe3bi  MeAIZn-MeAI2Zn2,  MeZn2-MeAlZn,  CaAI2-CaAlZn, 
CaAI2Zn2-CaAL2,  CaAIZn-CaZn5,  CaZnirCaAIZn,  MeAIZn-MeZn13) 
MeAI2Zn2-MeAi4,  OTHOCflTcn  k  CMCTeMaM  3BTeKTMHecKoro  Twna. 
SBTeKTMHecKoe  npeBpaiAeHne  b  CMCTeMe  MeA!2Zn2-MeAIZn  npoTeKaei 
no  peaK i\m  >K**MeAI2Zn2+MeAIZn.  TeMnepaiypa  SBTeicrnHecKoro 
npeBpaiAeHnn  b  cMdeMax  MeAIZn-MeAI2Zn2  n  MeAIZn-MeZn2  npn 
yBennHeHMM  3ap*Aa  HAPa  Ca,  Sr  n  Ba  pacieT,  a  b  ABOMHbix  CMCTeMax 
MeA!Zn-MeZn13,  MeAI2Zn2-MeAI4  Ha6nK>AaeTC*  oOpaTHan  3aBHCMM0CTb. 
KoopAHHaTbi  GBTeKTimecKMx  npeBpaiAeHMM  npnBeAeHbi  b  TaGm-me. 

MeTarmorpac}DMHecKMVi  aHariM3  cnnaBOB  pa3pe3a  CaAI2Zn2-CaAI2 
noKa3an  bo  BceM  Anana30He  KOHpeHTpaL\MM  nanmue  AByx  dpyKTypHbix 
cocTaBnfiiOLAMX  -  nepBMHHO  3aKpncTaxuiM30BaBiiJMxca  nnacTMH  cpa3bi 
CaAI2Zn2  h  CaAI2  Ha  (pone  SBTeKTMKM  (CaAI2Zn2  +  CaAl2).  TeMnepaiypa 
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SBTeKTuwecKOM  tom  km  cocTaBnneT  983K.  Pa3pe3  CaZn5-CaAlZn  TaioKe 
npeflCTaBiiJieT  co6on  KBa3n6MHapHyK)  cucTeMy  3BTeKTMMecKoro  TMna, 
SBTeKTMKa  o6pa3yeTca  npn  cooTHomeHnn  KOMnoHemoB  46  moo  %  CaZn5 
n  54  moji.  %  CaAlZn  m  nnaBMTcn  npn  653K  (TeMHan  cf>a3a). 
MMKpocipyKTypa  floaBreKTHMecKoro  cnnaBa  coAepwnT  3epHa  nepBMHHo 
3aKpncTarmM30BaBiuerocfi  coeAMHeHMn  CaAlZn  b  OKpy>KeHMM  OBTeKTiiKM 
(CaAIZn+CaZn5),  a  b  3a3BTeimiMecKOM  cnnaBe  coctomt  m3  nepBMMHO 
BbmaBLUnx  KpudannoB  coeAUHeHHn  CaZn5  m  3bt6ktmkm  . 

Ha  KpuBbix  oxjia>KfleHMa  Bcex  uccneflOBaHHbix  cnnaBOB  pa3pe3a 
CaAI2-CaAIZn  o6Hapy>KeH  TennoBon  acpcfcieKT,  CBfl3aHHbiPi  c 
HOHBapMamHbiM  npeBpameHneM  npn  TeMnepaiype  1123K.  CociaB 
OBTeKTHHecKOM  tom  km  -  51 ,5  aT.%  Al,  15,2  aT.%  Zn  m  33,3  aT.%  Ca. 

MeTannorpacfwMecKoe  MecneAOBaHMe  cnnaBOB  KBa3n6MHapHoro 
pa3pe3a  CaZnn-CaAIZn  CBMAeTenbCTByeT  o  tom,  mto  bo  BceM 
AMana30He  KOHqeHTpaMMH  CTpyicrypa  coctomt  m3  flByx  cf>a3  - 
nepBMMHbix  KpucTannoB  coeAMHeHnn  CaZnn  n  CaAlZn  m  sbtoktmkm, 
KOTopan  MMeeT  MronbMaTyfo  CTpyicrypy.  TeMnepaTypa  HOHBapnaHTHoro 
npeBpameHM^  cociaBnneT  883K,  cocTaB  3bt6ktmkm  32  moji.%  CaAlZn  m 
68  Mon  %  CaZnn. 

H3  M3yMeHHbix  SBTeKTMMecKMX  cnnaBOB,  caMbiM  nerKonnaBKMM 
ABnaeTCfl  SBTeKTMKMM  cnnaB  cocTaBa:  7,6  aT.%AI;  59,1  aT.  %  Zn  m  33,3 
aT.  %Ca,  KOTopbm  nnaBMTca  npM  648  K. 

PacTBopMMOCTb  TpoMHoro  MHTepMeTannMAa  CaAlZn  b 
coeflMHeHMM  CaZn2  npw  aBTetcruKOM  TeMnepaType  He3HaMMTenbHa,  m 
npoflon>KaeT  yMeHbLnaTbcn  c  noHM>KeHMeM  TeMnepaTypbi. 
MMKpocTpyKTypbi  cn/iaBOB  KBa3n6nHapHoro  pa3pe3a  CaAIZn-CaAIZn2 
noATBep>KqaK)T  pe3ynbTaTbi  TepMMMecKoro  aHanM3a,  flnn 
MMKpocTpyKTypbi  cnnaBOB  xapaKTepHbi  Ta*OKe  ABe  crpyKTypHbie 
cocTaBnniOLAMe  -  nepBMMHbie  BbineneHnn  CaAlZn  (TeMHbie  3epHa),  nn6o 
CaZn2  (CBeTnbie  nnaciMHbi)  m  3BTei<TMKa  (CaAlZn  +  CaZn2). 
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KOOpAMHaTbl  HOHBapnaHTHblX  paBHOBeCHM  KBa3M6MHapHblX 
3BTeKTMHeCKMX  CeHeHMM  TpOMHbIX  CMCTeM  Al  -  Zn  -  Me 


KBa3M6n- 

HapHan 

cncTeMa 


PaBHOBecne 


COCTaB  3BTeKTMKM, 

ai.% 


Al 


Zn 


Me 


TeMnepa 

-Typa 

HOHBapM- 

aHTHoro 

paBHOBe- 

CMfl,  K 


CaAIZn- 

CaAI2Zn2 


>K^4-  CaAIZn+  CaAI2Zn2 


36,4 


36,4 


27,2 


923 


SrAlZn- 

SrAI2Zn2 


>K  ->«-  SrAIZn  +  SrAI2Zn2 


38,0 


38,0 


24,0 


928 


BaAlZn  - 
BaAl2Zn2 


>K  ->4-  BaAIZn+BaAI2Zn2 


38,4 


38,4 


23,2 


CaAIZn- 

CaZnn 


>K  ->4-  CaAIZn  +  CaZn 


11,6 


72,8 


15,6 


1033 


883 


SrAIZn- 

SrZn13 


>K  ->4SrAIZn+  SrZn13 


21,6 


54,4 


24,0 


873 


BaAIZn- 

BaZnn 


>K  ->4-  BaA!Zn+BaZn 


13 


10,0 


76,0 


14,0 


763 


CaAIZn- 

CaZn2 


>K  -*4-  CaAIZn+  CaZn2 


7,6 


59,1 


33,3 


SrAln- 

SrZn2 


>K  -»<-  SrAIZn+SrZn2 


5,2 


61,5 


33,3 


648 


653 


BaAlZn 

BaZn2 


>K  *>4-  BaAIZn+BaZn: 


13,3 


53,4 


33,3 


CaAIZn- 

CaAI2 


>K  -><-  CaAIZn+  CaAI2 


51,5 


15,2 


33,3 


943 


1123 


CaAI2Zn2- 

CaAI2 


>K  -^4"  CaA2Zn2+  GaAl^ 


48,8 


24,8 


26,4 


983 


© M.H.raHuee ,  X.M.  Ha3apoe,  M.M.  Xaxdodoe,  HM.  T amieea,  2000r. 
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ATOMHAR  CTPYKTyPA 

3BTEKTHMECKMX 

PACflJlABOB 


ATOMIC  STRUCTURE  OF 
EUTECTIC  MELTS 


SBTeKTHKa  IV 


MEXCCTPYKTYPHOE  PACnPEflEJIEHME  flPHMECHblX 
3J1EMEHTOB  B  METAJ1J1MMECKHX  PACnJIABAX 

M.A.HoeoxamcKUU a,  5.0.5enoeb,  B.3.KucyHbKOc,  A.M.floeopenoe0 

a) Orny,  r.OAecca  ,  YKpanHa 

b) HI1M  HAHY,  r.MaKeeBKa.YKpawHa 

c) flOHMUM,  r.floHepK,  YKpaiiHa 

C  pen  bto  BbinCHeHnn  npnpoAbi  xMMnnecKOM 

MnKpOHeoflHOpoAHOCTM  b  MeTannMnecKMx  >khakocthx  M3yHeH0 
noBefleHMe  aTOMOB  BTOporo  KOMnoHeHTa,  BBOflUMbix  b  pacnnaBbi 
MMCTbix  MeTannoB.  Hecopa3MepHO  6onbume  acpcpeKTbi  m 
cnepnc})M4HOCTb  BnnnHMn  Manbix  ao63bok  Ha  ob-beMHbie  CBoPicTBa 
>khakmx  MeTannoB,  Ha  HecKonbKO  nopHAKOB  npeBbiinajOLAMe  mx 
B03M0>KHb!e  aAAHTHBHbie  BKnaAbi,  no3Bon*noT  AonycKaTb 
HepaBHOMepHOOTb  pacnpeAeneHMn  aTOMOB  AobaBOK  Mex<Ay 
CTpyKrypHbiMM  cocTaBnnfOLpMMH  /  KnacTepaMM  m  pa3ynopnA04eHHon 
30hom  /  >kmakoctm  -  HBneHne  BHyTpeHHew  aACopbpMH  b  pacnnaBax. 

Me>KCTpyKTypHoe  paonpeAeneHMe  b  6wHapHbix  pa36aBneHHbix 
pacnnaBax  KonwHecTBeHHO  MO>KeT  6biTb  3aAaHO  cnepnanbHbiM 
K03cj}c})MpMeHT0M  /K¥/  pacnpeAeneHnn 


(C2)pa3 
(C  2)101 


rAe  (C2)pa3  M  (C2)Kn  -  KOHpeHTpapMM  pa3ynopnAOHeHHOM  30Hbl  M 
KnaCTepOB  XaiAKOCTH  COOTBeTCTBeHHO.  ripn  /Kv/  >  1  AOSaBKH  OTHOCHTCH 
k  ropocfwnbHbiM,  npn  /Kv/<1  -  k  ropocf)06HbiMf  b  cnynae  /K¥/=1  AobaBKM 
HBnniOTCH  MHaKTMBHbIMM.  3HepreTMMeCKMMM  CTMMynaMM  ftnn 
pacnpeAeneHHn  npMMecHbix  Hacrwp  Me>KAy  CTpyKTypHbiMH 
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C0CTaBJlf?K)L4MMM  JKMflKOM  C}3a3bl  flBJIHHDTCFI  pa3nHHMH  B  nappuailbHblX 
3HeprMflX  B3aHMOfleMCTBM51  pa3HOMMeHHblX  HaCTMLI  B  pa3ynOp^flOHeHHOM 
30He  n  KnacTepax. 

Pa3pa6oTaHbi  KonnHecTBeHHbie  KpmepuM  f\nn  onpefleneHiia 
Tuna  Me>KCTpyKTypHoro  pacnpeAeneHiin  Ao6aBOK:  no  flaHHbiM 
flnc}Dct3y3Hbix  xapaKrepncTMK,  no  BemiHMHaM  Koac}3(|)HMneHTOB 
pacnpefleneHun  Ao6aBKM  b  cncieMe  “Kpnciann-pacnnaB”  v\  c 
ncnorib30BaHneM  flnarpaMM  cf)a30Bbix  paBHOBecnn.  npeAnonaraeMbie 
MeTOflbi  TecTnpoBaHna  floSaBOK  k  >khakhm  >xene3y,  amoMMHMK)  m  MeflM 
AOCTaTOHHbi  npocTbi,  AaJOT  xopomee  coBnaAeHne  pe3ynbTaTOB  n  MoryT 
6biTb  ncnonb30BaHb!  npn  aHanM3e  xapaiaepa  pacnpeAeneHMn  Manbix 
npMMecen  b  pacnnaBax. 

BbinoxiHeHa  SKcnepnMeHTanbHan  npoeepKa  pacneTHbix  motoaob 
TecTupoBaHun  MOKCTpyicrypHoro  pacnpeAeneHiin  nyieM  ncnonb30BaHwn 
acjDcfieKTa  MCKa>KeHnn  cipyKTypbi  pacnnaBa  b  npncieHOHHOM  30He 
o6pa3qoB  b  Kanwirmpax  n3-3a  KnaciepHon  aAcop6qnn.  C  noMOLqbio 
peHTreHOcneKrpanbHoro  MMKp03OHAa  b  3aKaneHHbix  M3  wviAKoro 
cocToaHiin  o6pa3qax  aHann3npoBanncb  pacnpeAeneHwe  AoSaBKn  y 
CTeHOK  Kanwnnpa  n  b  ero  qem-pe.  CyLAecTBeHHoe  yMeHbiueHne 
KOHqeHTpaqiiH  xpOMa  b  o6pa3qax  Fe-Cr  B6nn3M  Kannnnnpa  npn 
nono>KjrrejibHOM  KnaciepHoPi  aACopSqMn  Ha  Me>Kcf>a3HOH  rpaHMqe  “Fe*- 
Al203”  CBMASTenbCTByeT  06  ero  ropocjDMnbHOCTM  b  >kmakom  >Kene3e. 
floKasaHO,  hto  c  pocTOM  TeMnepaTypbi  BenwHnHa  scfrcpeKTa 
Me>KCTpyKTypHoro  pacnpeAeneHMn  AoSaBKn  yMeHbLuaeicn,  hto 
CBMAeTenbCTByei  0  cyiAecTBeHHOM  pa3ynopnAOHeHi/w  pacnnaBa  h 
6onee  paBHOMepHOM  pacnpeAeneHww  npnMecw  b  ofrbeMe  pacnnaBa. 

Pa3pa6oTaHbi  MeTOAbi  3KcnepnMeHTanbHoro  onpeAeneHMn 
KOHpeHTpaqHOHHbix  rpaHMq  oSnacieM  TpexcipyKTypHbix  pacnnaBOB  c 
ncnonb30BaHneM  <£a30Bbix  AnarpaMM  n  M30TepM  cf>M3MKO-xnMMHecKnx 
cbomctb  pacnnaBOB  b  o6nacTn  Manbix  coAOpwaHMM  BToporo 
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KOMnoHem-a.  BTopon  MeTOfl  anpoGnpoBaH  Ha  pacnnaBax  CMCTeM  Al-Mg, 
Al-Cd,  Al-Fe,  Al-Sr,  Al-Bi,  Al-Sb  (CM.ra6nnMy). 


CHdeMa 

tvc"~ 

Cb,  pac.  % 

no  v 

no  d 

Cpe^Hee  3HaHeHwe 

Al-Mg 

675 

0,4 

- 

- 

750 

0,5 

0,5 

0,50 

825 

0,6 

- 

- 

900 

0,7 

- 

- 

Al-Cd 

675 

0,090 

- 

- 

750 

0,095 

0,090 

0,0925 

825 

0,100 

- 

- 

900 

0,105 

- 

- 

Al-Fe 

675 

0,175 

- 

- 

750 

0,180 

0,260 

0,22 

825 

0,190 

- 

- 

900 

0,195 

- 

- 

Al-Sr 

750 

0,055 

0,065 

0,060 

Al-Bi 

750 

0,015 

0,023 

0,019 

Al-Sb 

750 

0,10 

0,06 

0,08 

YcTaHOBneHO,  hto  Manbie  flobaBKM  BTOporo  KOMnoHeHTa  He 
M3MeHflK)T  B  CyUjeCTBeHHOM  CTeneHM  COOTHOlUeHHe  OTHOCHTenbHbiX 
floneii  CTpyKTypHbix  cocTaBJintoLUHX  b  >khakhx  Meiannax 
pacTBopurenax,  a  ocfxfteKT  m  bhh^hh??  nponBimeTcn,  b  ochobhom,  b 
B03^eHCTBHH  Ha  napqwanbHbie  cBOHCTBa  CTpyKTypHbix  cocTaBnnKDmnx 
>KMAKOCTeM. 

©  M.A.HoeoxamcKUU,  B.Q.Benoe,  B.3.KucyHbK0,  A.M.noaopenoe,  2000r. 
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STRUCTURE  AND  PROPERTIES  OF  THE  EUTECTIC  Sn-Pb  LIQUID 
ALLOY 

U.  Dahlborg a ,  M.  Calvo-Dahlborg a,  P.  S.  Pope i b  and  V.  E.  Sidorov b 

a) Laboratoire  de  Science  et  Genie  des  Materiaux  Metalliques,  CNRS 
UMR  7584,  Ecole  des  Mines,  54042  Nancy  Cedex,  France 

b) Ural  State  Pedagogical  Institute,  Cosmonavtov 
Ave.26,6201 1 9, Ekaterinburg,  Russia 

The  possibility  of  struktural  changes  occurring  in  metallic  melts  has 
been  discussed  since  long  time  and  was  recently  confirmed  in  theoretical 
model  calculations  [1].  It  was  shown  that  after  melting  a 
microheterogeneous  melt  is  formed  which  can  be  considered  as  a 
metastable  non-equilibrium  microsuspension  of  disperse  particles  , 
enriched  in  one  of  the  components,  surrounded  by  a  molten  matrix  of 
different  composition.  These  particles  are  thus  inherited  from  the  initial 
material.  When  heating  the  melt  to  a  temperature,  which  is  characteristic 
for  its  composition,  the  thermodynamic  equilibrium  between  the  particles 
and  the  melt  matrix  is  destroyed  and  the  system  irreversibly  transforms 
into  a  true  solution  state,  thermodynamically  stable  at  all  above-liquidus 
temperatures.  This  transformation  may  be  sharp  but  can  also  take  place 
via  several  steps  even  in  simple  binary  systems  [2  ]. 

In  order  to  get  a  more  direct  evidence  of  the  existence  of  "particles" 
of  different  sizes  in  molten  alloys,  experimental  investigations  of  a  Sn-Pb 
melt  have  been  undertaken.  Because  of  its  simple  eutectic  phase 
diagram,  Sn-Pb  can  be  regarded  as  a  model  system  from  which  general 
conclusions  on  the  microstructure  of  metallic  metis  may  be  drawn. 

A  series  of  density  measurements  was  thus  carried  out  on  the 
eutectic  alloy  Sn73i9  Pb26,i  [3].  The  sample  was  melted  at  a  temperature 
considerably  exceeding  the  eutectic  point,  Te  =183°C.  After  relaxation  the 
density-temperature  dependence  was  determined  on  cooling.  No 
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peculiarities  were  registered  for  the  density  curve,  p(T),  for  temperatures 
down  to  Te.  The  situation  completely  changes  after  crystallization  of  the 
sample  and  its  remelting.  On  reheating  the  alloy,  irregularities  are 
observed  and  a  dissolution  and  branching  temperature,  Td  and  Tb  ,  can 
be  defined.  At  temperatures  higher  than  the  dissolution  point,  Td  ,  the 
values  of  the  measured  values  of  the  density  start  to  decrease.  At 
temperatures  higher  than  the  branching  point,  Tb  ,  the  measured  values 
of  the  density  agree  with  the  ones  obtained  on  the  first  cooling  as  well  as 
with  those  measured  during  subsequent  thermal  cycling  of  the  melt.  Td 
has  been  attributed  to  the  start  of  the  dissolution  of  the 
microheterogeneities  inherited  from  the  initial  ingot  and  Tb  to  the  point 
where  the  melt  has  reached  the  state  of  true  solution,  i.e.  totally  mixed. 
For  Sn73i9Pb261i,  Td  is  at  about  400°C  and  Tb  about  750°C. 

In  order  to  get  a  more  substantial  estimation  of  the  sizes  of  the 
inhomogeneities,  small  angle  neutron  scattering  experiments  were 
performed  at  five  temperature  in  one  cycle,  during  heating  at  250,  350 
and  650°C  and  during  cooling  at  350  and  250°C  [3].  The  signal  is  at  all 
temperatures  quite  strong  and  it  unambiguously  shows  that  the  sample 
contains  "particles”  with  a  very  wide  size  distribution.  By  "particles"  is 
meant  regions  in  the  liquid  having  a  different  composition  than  the 
environment.  From  the  shape  of  the  measured  curves  it  is  concluded  that 
at  least  two  different  kinds  of  particles  with  different  size  distribution  are 
present  in  the  melt.  The  total  intensity  can  be  described  by  a  sum  of  two 
independent  contributions,  below  denoted  "particle  set  (1)"  (large 
particles)  and  "particle  set  (2)"  (small  particles) .The  following  conclusions 
can  be  drawn: 

i)  The  composition  of  particle  set  (1)  is  only  slightly  affected  by  the  heat 
treatment  of  the  melt. 

ii)  The  composition  of  particle  set  (2)  is  unaffected  by  the  heat  treatment 
but  it  is  irreversibly  changing  size  during  the  heat  treatment.  Assuming 
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that  the  particles  have  spherical  shape  the  average  particle  radius  is 
decreasing  from  about  11A  at  250°C  to  about  9A  at  650°C.  The  cooling 
from  650°C  does  not  affect  the  particle  size. 

iii)  The  number  of  particles  of  both  sets  is  decreasing  during  heating  and 
no  recombination  is  taking  place  during  the  subsequent  cooling. 

The  results  confirm  that  molten  liquid  metallic  alloys  during  heating 
undergo  a  number  of  structural  transformations  ranging  from  an  initial 
microheterogeneous  state  to  a  true  solution  state.  It  is  conjectured  that 
the  observed  effects  would  have  been  even  more  accentuated  if  higher 
temperatures,  i.e.  above  Tb=750°C,  would  have  been  reached  in  the 
SANS  investigations. 
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CTPyKTyPbl  PACnjIABA  HA 
KMHETHKy  3BTEKTH4ECKOM 
KPMCTAJU1H3AMHH 

INFLUENCE  OF  CLUSTER 
STRUCTURE  OF  MELTS  ON 
THE  KINETICS  OF  EUTECTIC 
SOLIDIFICATION 


SBTeKTHKa  V 


BJIMflHME  COCTOflHkm  PAC  FIJI  ABA  HA  F1POMECC 
KPMCTAJ1J1M3AL4MH  CHJIYMUHOB 

E.E.Bapbituee ,  T. K. KocmuHa,  r.B.TmyHoe ,  E.A.EayM 
ypanbCKMM  rocyflapcTBeHHbiw  TexHMnecKMM  yHMBepcmeT 
r.EKaTepMH6ypr,  Poccmh 

npOMbiiuneHHbie  nmeMHbie  aniOMMHMeBbie  cnnaBbi  flon>KHbi 
o6na,qaTb  BbicoKMMM  3KcnnyaTai4M0HHbiMM  m  cnepnajibHbiMM 
Cf)M3MHeCKMMM  CBOMCTBaMM.  H3B6CTH0,  MTO  OflHMM  M3  SCfK^eKTMBHblX 

cnoco6oB  y/iyMLueHMH  crpyicrypbi  m  noBbiujeHMH  cbomctb  MeTawiMHecKMX 
MaiepManoB  HBrmeTCH  npeABapMTenbHan  noflroTOBKa  mx  pacnnaBOB  k 
KpMCTajinM3aL\MM.  Ann  stofo  Heo6xoAMMo  M3yneHMe  TeMneparypHbix 
3aBMCMMOCTeM  CTpyKTypbi  m  c{)M3MMecKMX  cbomctb  >KMflKoro  MeTamia, 
B3aMM0CBfl3M  CTpyKTypbi  M  CBOMCTB  >KMflKOrO  M  TBepflOrO  COCTOflHMM, 
npoLjecca  KpMCTannM3ai4MM. 

flxi 9\  MCcneflOBaHM^  BbiSpaHbi  npOMbiiuneHHbie  cnnaBbi  Ha 
ocHOBe  CMCTeMbi  anioMMHMM  -  KpeMHMM:  AJ132,  AJ130  m  AK21, 
COOTBeTCTBeHHO  A03BTeKTMHeCK0r0,  3BTeKTMH6CKOrO  M  3a3BTeKTMMeCKOrO 
COCTaBOB, 

riOJlMTepMbl  KMHBMaTMHeCKOM  BH3KOCTM  M3yMeHHb!X  CMJiyMMHOB 
noAoSHbi  m  MMeioT  bma,  xapaiaepHbiM  a^h  axiKJMMHMeBbix  cnnaBOB. 
HarpeB  pacnnaBa  iipmboamt  k  MOHOTOHHOMy  cHM>KeHMK)  3HaneHMM  ero 
b513koctm.  (IpM  3T0M  He3HaMMTenbHbiM  neperpeB  pacnnaBa  Bbime 
TeMnepaTypbi  nMKBMAyc  He  paei  mcTepe3Mca  nonMTepM  v(t)  npM  HarpeBe 
m  oxna>KA6HMM.  npM  yBenMHeHMM  nepepeBa  Ha  33bmcmmoctm  v(t) 
Ha6niOAaeTcn  m3jiom.  TeMnepaTypy,  cooTBercTByiOLnyK)  nonBiieHMio 
M3noMa,  o6o3HaMMM  KaK  tai.  flocneAyioiAee  oxna>KAeHMe  hpmboamt  k 
BeTBneHMio  nonMTepM.  flpM  stom  b6iim3m  HeKOTopoM  TeMnepaTypbi, 
Ha3BaHH0M  ta2,  Bfl3K0CTb  CKaHK006pa3H0  yBeilMHMBaeTCfl  M  BnnOTb  AO 
KpMCTannn3ai-jMM  MMeeT  MeHbLHMe  3HaneHMn,  neM  npM  HarpeBe, 
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AHOMannn  Ha  nonkrrepMax  bh3koctm  m  mcTepe3kic  CBMAeTenbCTByiOT  o 
HanMHHM  CTpyKTypHbix  npeBpameHMM  b  >kmakom  cnnaBe.  CpaBHeHwe 
nonmepM  v  >kmakiix  cnnaBOB  AJ132,  AJ130  m  AK21  no3Bonnno  BbinBMTb 
TeMnepaTypHbie  MHTepBanbi  CTpyKTypHbix  npeBpameHMii  b  hmx  npn 
HarpeBe  (tai)  h  oxna>KfleHMM  (ta2). 

ripoLjecc  3aTBepfleBaHH«  cnnaBOB  M3yHeH  MeTOflOM  flTA. 
AHann3  nonyHeHHbix  pe3ynbTaTOB  noKa3an,  hto  cocTaB  cnnaBa 
onpeflenfieT  npoi^ecc  KpncTannn3aAnn.  flo  xapaicrepy  3aTBepAeBaHnn 
n3yneHHb!e  cnnaBbi  mo>kho  pa3flennTb  Ha  2  rpynribi.  K  nepBOii  othochtch 
AOSBTeKTHMecKHH  cnnaB  AJ132  m  3a3BTeKTMHecKMM  cnnaB  AK21;  ko 
btopom  rpynne  -  OBTeKTimecKHM  cnnaB  Afl30. 

ripn  3aTBepfleBaHMn  cnnaBOB  nepeon  rpynnbi  Ha6nK>AaK)Tcn  flBa 
c})a30Bb!X  npeBpameHHH.  KpncTannn3aMMn  HanHHaeTcn  c  BbiAeneHnn 
nepBMMHOki  4>a3bi  (Ann  cnnaBa  AJ132  sto  TBepAbw  pacTBop  Ha  ocHOBe 
anK)MMHnn,  nnn  cnnaBa  AK21  -  nepBWHHbiii  KpeMHMM)  m  3aKaHHMBaeTcn 
4)OpMkipOBaHHeM  SBTeKTMKH.  CnO>KHb!M  BMA  MaKCWMyMa  Ha  KpMBbIX  ATA 
c  HannbiBaMH  KaK  Ha  npaBOM,  TaK  m  Ha  ne bom  BeTBnx  CBMAOTenbCTByeT  o 
C(DOpMHpOBaHMH  HeCKOnbKHX  TkinOB  3BT6KTMK.  MO>KHO  npeAnOnO>KHTb,  HTO 
OCHOBHOH  nVIK  Ha  KpklBOM  ATA  A^T  SBTeKTMKa  Ha  0CH0B6  aniOMMHWfl  M 
KpeMHHn,  a  HannbiBbi  -  3BTeKTHKM  Ha  6a3e  anioMMHMfl  m 
MHTepMeTannviAHbix  (pa 3  (FeMnCu)3Si2Ali5,  FeSiAI5,  CuAI2. 

3aTBepAeBaHne  cnnaBOB  BTopon  rpynnbi  npowcxoAm  no  6onee 
npocTOMy  MexaHM3My.  B  cbh3m  c  TeM,  hto  XMMMHecKiiH  cocTaB  cnnaBa 
AJ130  6nM30K  K  3BT6KTMH6CK0My,  Ha6nK)AaeTCfl  TOnbKO  SBTeKTMHeCKOe 
npeBpaLAeHMe.  TaioKe  KaK  m  b  cnnaBax  AJ132  m  AK21,  b  cnnaBe  AJ130 
BbiAenneTcn  HecKonbKO  TMnoB  SBTeKTMK. 

O6061 Aan  pe3ynbTaibi  aHann3a  KpHBbix  ATA  Bcex  Tpex 
cnnaBOB  otmgthm,  mo  npeABapmenbHbiw  HarpeB  pacnnaBa  Bbime  ta1 
npMBOAWT  k  cy>KeHmo  TeMnepaiypHoro  MHTepBana  KpncTannn3aAMM,  a  b 
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3  B  TeKTMKa  V 


cxiynae  flo-  n  3a3BTGKTMH6CKMX  cnnaBOB  conpoBO>KAaeTCR  yMeHbiueHMeM 

TeMnepaTypHoro  HHTepBana  BbiAaneHMR  nepBMHHon  cf>a3bi. 

PaCCMOTpMM,  K3KHM  06pa30M  COCTORHHe  pacnnaBa  MO>KeT 
BnwaTb  Ha  npopeccbi  CTpyicrypoo6pa30BaHHR  npn  KpncTannn3ai4nn, 
HanpMMep,  b  cruiaBe  AJ130.  Cpa3y  nocne  pacnnaBneHMR  b  >kmakom 
Mexanne  cyu^ecTByiOT  MMKporpynnnpoBKM,  HacneAyfomne  nepTbi 
TBepflbix  cf>a3.  3to  MoryT  6biTb  o6nacm  c  Sjiidkhmm  nopRAKOM, 
n0A06Hb!M  ariKJMMHMK),  MMKporpynnnpoBKM  Ha  da3e  KpeMHMR  m 
MHTepMeTannMAOB.  KpncTajinM3ai4MH  cnnaBa  AJ130  HaMMHaeTCR  c 
BblAeneHMR  OBTeKTMKM.  6a30B0M  Cpa30M  B  OBTeKTMHeCKOM  CMCTeMe 
amOMMHMM  -  KpeMHMM  RBnRKDTCR  KpMCTannbl  KpeMHMR,  M 
KpncTarmn3aMi4R  HannHaeTCR  c  o6pa30BaHMR  3apoAbiuieM  KpeMHMR. 
Mo>kho  nonararb,  hto  cymecTBOBaBLune  b  pacnnaBe  HepaBHOBecHbie 
MMKporpynnnpoBKM  KpeMHMR  npn  onpeAeneHHbix  TeMnepaiypax  (t3) 
RBORfOTCR  3apOAbllUaMH  KpMCTannMSatJHH  M  MHHMHMpytOT  OBTeKTMHeCKOe 
npeBpameHne. 

C  noBbimeHMeM  TeMnepaTypbi  HarpeBa  pacnnaBa  Bbiuue  tai 
npOHexoAMT  Heo6paTMMbiM  pacnaA  HepaBHOBecHbix  MMKporpynnnpoBOK. 
npn  nocneAytomeM  oxna>KAeHMH  b  paBHOBecHOM  pacnnaBe  bo3hhk3K)t 
MMKporpynnnpoBKM  HecKonbKO  mhoto  cocraBa,  crpoeHMR  n  pa3MepOB.  KaK 
npaBnno,  b  TaKOM  pacnnaBe  cfcopMnpyiOTCR  MHKporpynnnpoBKM 
MeHbinero  pa3Mepa.  KpoMe  Toro,  KnacTepbi  Ha  ocHOBe  KpeMHMR,  no- 
BMAMMOMy,  y>Ke  He  MoryT  nanpaMyio  cnywmb  3apoAbiLuaMM 
KpncTannn3ai4MM,  TaK  KaK  nx  CTpoeHne  OTnnnaeTCR  ot  cipyKTypbi 
KpucTannnnecKoro  KpeMHMR,  n  TpeSyeicn  nepecTponKa  mx  6nn>KHero 
nopRAKa.  B  pe3ynbTaie  TeMnepaiypa  o6pa30BaHMR  OBTeKTHKH 
anroMMHMM  -  KpeMHMM  noHnwaeTCR,  hto  m  Ha6nK>AaeTCR  Ha  onbrre. 
BbiCKa3aHHbie  npeAnono>KeHMR  npMMeHMMbi  m  a^  Apyrnx  CMnyMMHOB. 

©  E.E.Bapbiuiee,  T.K.KocmuHa,  r.B.TfteyHoe,  E.A.EayM,  2000r. 
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3BT6KTMKa  V 


BJIMflHME  CTPyKTyPHbIX  M3MEHEHMM  PACIUIABA  HA 
nPOL4ECC  KPHCTAJ1J1M3AUMH  HEKOTOPbIX  XCAPOFlPOHHblX 
Htf  KEJIEBbIX  Cn/IABOB 

AT.  TmyHOe,  E.E.  Eapbwuee,  5. A.  SayM,  T.K.  KocmuHa 
yparibCKMii  rocyflapcTBeHHbiM  TexHMHecKMM  yHMBepcMTOT 
r.EKaiepnH6ypr,  Poccma 

Ba>KHbm  pe3epB  yuyniueHMa  cnyweOHbix  xapaKTepMCTMK 
x<aponpoHHbix  HMKeneBbix  cnnaBOB  3ano>KeH  b  noflroTOBKe  mx  pacnnaBOB 
k  npoqeccy  KpMCTannM3aqMM.  M3BecTH0,  mo  neM  Bbiiue  CTeneHb 
paBHOBecHOCTM  pacnnaBa  nepeA  KpncTannM3ai4MeM,  TeM  Bbirne  m 
CTa6nribHee  KanecTBO  nMTbix  mpenm.  LJenbio  HacTOfmjeM  paOoTbi 
nBnneTcn  M3yneHMe  BnnnHMfl  TeMnepaTypHon  o6pa6oTKM  pacnnaBa  Ha 
npoqecc  KpncTannn3aq mm  waponpoHHbix  cnnaBOB  >KC36  m  >KC6Y. 

PaHee  b  HaujHX  paSoTax  [1,2]  6binw  M3yneHbi  TeMnepaTypHbie 
3aBMCMM0CTM  cf>M3MMeCKMX  CBOMCTB  CnnaBOB  >KC36  M  >KC6Y  B  >KHAKOM 
coctohhmm  h  onpeAeneHbi  TeMnepaiypHbie  MHTepBanbi  nepexoAa 
pacnnaBOB  b  roMoreHHoe  m  MMKpooAHopoflHoe  cocTOHHMe.  flnn  cnnaBa 
>KC36  otot  MHTOpBan  6bin  (1 550-1 800)°C,  a  a*i*  cnnaBa  >KC6Y-(1450~ 
1670)  °C 

MeTOAOM  AMcf)4)epeHi4ManbHoro  TepMMHecKoro  aHann3a 
M3ynanocb  Bnn«Hne  cocTOHHnn  pacnnaBOB  MecneAyeMbix  waponpoHHbix 
HMKeneBbix  cnnaBOB  Ha  npopecc  mx  KpMCTannM3aL|MM  m  TeMnepaTypbi 
cf>a30Bbix  npeBpaiAeHMM.  AHanM3  flTA-KpMBbix  oxna>KAeHMn  o6pa340B 
cnnaBOB  >KC36  m  >KC6Y,  HarpeTbix  b  >kmakom  coctohhmm  po  pa3Hbix 
TeMnepaiyp,  no3BonneT  yciaHOBMTb  TeMnepaTypy  nMKBMAyc  (tL,°C)f 
TeMnepaTypbi  Hanana  o6pa30BaHMn  KapOMAOB  TMna  MC  (tMc,°C)  m 
OBTeKTMKM  Ha  ocHOBe  y-fy'  (t3,  °C),  TeMnepaTypy  conMAyc  (tS)°C)  m 
TeMnepaTypy  Hanana  BbiAeneHMn  btopmhhom  y'-c})a3bi  (tS0|V,°C). 

Ha  pmc.IA  noKa3aHbi  3aBMCMMOCTM  tL,  t3,  ts,  tS0|V  ot  TeMnepaTypbi 
MaKCMManbHoro  HarpeBa  pacnnaBa  (tMax>°C)  cnnaBa  >KC36.  CneAyeT 
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SBTeKTHKa  V 


3aMeTHTb,  hto  npn  TeMnepaType  MaKcviManbHoro  HarpeBa  pacnnaBa, 
KOTopan  cooTBeTCTByei  TeMnepaType  KOHpa  npeepaLpeHHM  b  >kmakom 
coctosihmm,  cfwKCMpyeTCH  MaKCMMyM  nepeoxna>KAeHHfl ,  HanSonee 
HM3Kkie  3HaneHnn  TeMnepaTyp  JiMKBnflyc  w  conuflyc  m  MWHMManbHbm 
TeMnepaTypHbin  MHTepBan  KpMCTannn3apnn. 

KpOMe  Toro,  nocne  HarpeBa  pacnnaBa  b  MHTepBan  TeMnepaTyp 
(1 550-1 800)°C,  Ha  KpMBOH  flTA  npw  nocnenyiOLAeM  Kpmjannmai\m  He 
o6Hapy>KeH  TepMnnecKMM  ac^eicr,  cBH3aHHbiM  c  OBTeiaHHecKOM 
peaKL4Mew.  Ecnw  we  HarpeB  pacnnaBa  He  coBnaAan  c  TeMnepaTypHbiM 
Anana30H0M  npeBpaiijeHHH,  to  TeMnepaTypa  BbiAeneHwn  OBTeicTMKM  Ha 
flTA-KpMBOH  c}3MKCMpoBanacb.  3to  noATBep>KAaeT  npeAnonoweHwn, 
BbiABMHyTbie  HaMM  paHee  [1,2],  o  tom,  hto  HarpeB  ao  otmx  TeMnepaTyp 
nepeBOAHT  pacnnaB  b  roMoreHHoe,  MWKpooAHopoAHoe,  paBHOBecHoe 
cocTOHHHe.  3to  npuBOAMT  k  noHM>KeHHK)  TeMnepaTypbi  nwKBMAyca 
cnnaBa,  yMeHbLneHnio  nm-epBana  KpwcTannM3ai4HH,  a  TaKwe 
noBbiLueHHKD  cTeneHM  nepeoxna>KqeHMfl  pacnnaBa  nepeA 

KpncTannn3a4neH. 


Pnc.1 .  BnMHHMe  TeMnepaTypbi  MaKCMManbHoro  HarpeBa 
pacnnaBa  Ha  TeMnepaTypbi  c(3a30Bbix  npeBpaLpeHHH  npw 
KpHCTannn3ai4nn  M3yHaeMbix  >KaponpoHHbix  cnnaBOB,  A  - 
>KC36;  E->KC6y. 
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SBTeKTMKa  V 


PaccMOTpMM  BJiMAHne  TeMnepaTypbi  HarpeBa  pacnnaBa  Ha 
M3MeHeHne  napaMeTpoe  KpMCTannM3aLjnn  cnnaBa  >KC6Y.  noBbimeHMe 
TeMnepaTypbi  HarpeBa  pacnnaBa  npaicrnnecKM  He  M3MeHneT  ero 
nepeoxna>KfleHMn  npn  Kpncrannn3anMM.  BMecTe  c  TeM,  yBennneHne  tMax 
nocTeneHHO  cy>KaeT  MHTepBan  KpncTannM3aqMH  3a  cneT  HeKOToporo 
noBbiineHMH  TeMnepaTypbi  conn,qyc  (pnc.lE).  npn  HarpeBe  pacnnaBa  ao 
TeMnepaTypbi  OKOHHaHnn  CTpyicrypHbix  npeBpameHMM  b  wmakom 
coctoah mm  c})MKCMpyeTcn  MMHMManbHbin  MHTepBan  KpMCTannn3aij|nn. 
flanbHeninee  yBenwHeHne  TeMnepaTypbi  MaKCHManbHoro  HarpeBa 
pacnnaBa  ywe  He  M3MeHneT  ero.  Tame  nocne  HarpeBa  ao  otom 
TeMnepaTypbi  noBbiujaeTcn  TeMnepaTypa  Havana  o6pa30BaHnn 
OBTeTMKH,  a  TeMnepaTypa  Hanana  BbiAeneHwn  KapGnAOB  MaKCMManbHO 
npw6nn>KeHa  k  tL. 

TaKMM  o6pa30M  noKa3aHO,  hto  noBbimeHMe  TeMnepaTypbi  HarpeBa 
pacnnaBOB  waponpOHHbix  HMKeneBbix  cnnaBOB  npnBOAMT  k  yBenwHeHmo 
BenMHMHbi  mx  nepeoxna>KAeHMn  npn  KpMCTannM3amnn,  npM  otom 
yMeHbLuaeTcn  TeMnepaTypa  nMKBMAyc,  cywaeTcn  MHTepBan 
KpMCTannM3aL4MM  m  noBbiLuaeTcn  TeMnepaTypa  BbiAeneHnn  ochobhom 
ynpoMHniOLneM  y'-  cf)a3bi.  MaKCMManbHoe  nepeoxna>KqeHMe,  Han6onee 
HM3Kan  TeMnepaTypa  nMKBMAyc  m  caMbin  y3Knn  MHTepBan 
KpncTannM3ai4MH  B03HMKaiOT  npM  3aTBepAeeaHMM,  ecnn  pacnnaB  6bin 
npeABapMTenbHO  HarpeT  ao  TeMnepaTyp  KOHLja  CTpyicrypHbix  M3MeHeHMM 
m  nepeA  HananoM  KpncTannM3anMH  MMeen  paBHOBecHoe  m 
MMKpooAHopoAHoe  cocTonHMe,  4T0  b  HaMnyHLueM  CTeneHM  noBnMnno  Ha 
xoa  npoqecca  3aTBepAeBaHMn  MeTanna. 
ilHTEPATYPA 

LYAenbHoe  aneicrpoconpoTMBneHMe  >kmakmx  waponpoHHbix  cnnaBOB  / 

AT.  TnryHOB,  E.E.  EapbiaieB  n  Ap.//  PacnnaBbi.1996.  Ns6.  C.  23-28. 
2.Bnn*HMe  yrnepoAa  Ha  cTpyicrypy  m  cbomctb3  waponpoMnoro  cnnaBa 
>KC6Y  b  >kmakom  m  TBepAOM  coctohhm/  E.E.  EapbiaieB,  E.A.  EayM  m  a p.// 
PacnnaBbi.1997.  N°4.  C.  32-36. 

©  A.r.  Tazynoe,  E.E .  Eapbiuiee,  B.A.  EayM,  T.K.  KocmuHa,  2000r. 
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BBTeKTMKa  V 


B3AI/1MOCBfl3b  CTPyKTYPHOrO  COCTOBHUB  TBEPflbIX  M 
>KHflKMX  CnJIABOB  Al-Co 

E.  B.  Poxuuuna3,  O.  A.  PuKoea3,  n.  C.  nonenba,  M.  V.  Epodoeab 

a)  ypanbCKMM  rocyflapcTBeHHbm  neAaroraHecKMM  yH^BepcmeT 
r.EKaiepuHSypr,  Poccnn. 

b)  ypanbCKoe  OTAeneHMe  PAH,  MHCTMTyT  c()M3mkm  MeTannoB 
r.EKaiepMHbypr,  Poccma. 

HHTepec  uccneAOBaTeneM  k  cnnaBaM  cMcreMbi  Al-Co  c 
COCTaBOM  6J1M3KMM  K  SBTeKTMMeCKOMy  -  AI-lBeC.%CO  oO'bflCHfleTCfl  MX 

B03  pa  era  to  mew  TexHunecKOM  3HaHMM0CTbK).  H3BecTHO,  HanpMMep,  hto 
BBeAeHne  b  anK)MMHnn  Ko6anbTa  noBbimaeT  npoHHOCTb  m  ynpyrocTb 
cnnaBOB.  Ann  onpeAeneHnn  onTMManbHoro  pe>KMMa  BbinnaBKM 
yKa3aHHbix  pacnnaBOB  aicryanbHa  MHc^opMamufi  o  cTpyicrypHOM 
cocto^hmm  >KMAKoro  m  TBepAoro  Merarma  m  mx  B3anMOCBfl3M. 

ABTopaMM  HacTomnen  paOoTbi  b  KanecTBe  CTpyicrypHO- 
HycTBMTenbHOM  xapaKTepMCTMKM  pannaBOB  Al-Co  BbiOpaHa  BH3K0CTb. 
npoBeAeHO  BMCK03MMeTpMHecKoe  MccjieAOBaHMe  >kmakwx  cnnaBOB 
cnCTeMbi  Al-Co  c  C0Aep>KaHMeM  Co  0,2;  0,5;  0,7;  1,0;  2,0;5,0;7,0  m  10,0 
Bec.%,  a  T3K>K6  M3yneHne  BnnnHnn  neperpeBa  pacnnaBa  Ha 
MHKpocTpyictypy  nmoro  Meianna. 

Bfl3KOCTb  M3Mepnnacb  MeTOAOM  saTyxatoiAMX  KpyTMnbHbix 
KonebaHMM  TMrnn  c  pacnnaBOM  b  pewnMe  HarpeBa  m  nocneAytomero 
oxna>KAeHVin  o6pa3L\OB.  Bee  onbiTbi  npOBOAnnncb  npM  pa3pe>KeHMM  HM>Ke 
1  na.  CnnaBbi  npeABapMTenbHO  roTOBvmncb  nyieM  neperpeBa  hsa 
nMKBMAyCOM  Ha  100-150°C  B  nHAyKLJMOHHOM  neHM.  HcXOAHblMM 
MaiepnanaMM  npM  LUMXTOBKe  cny>Knnn  antoMMHMM  MapKM  A-999  m 
KoSanbT  MapKM  K-0  c  C0A6px<aHMeM  ocHOBHoro  KOMnoHeHTa  99,98%. 
HenocpeACTBeHHO  nepeA  M3MepenneM  bh3koctm  b  ycTaHOBKe  oOpaseq 
HarpeBancn  ao  900°C  c  LjenbK)  yAaneHMn  okcmahom  nneHKM. 
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SBTeKTHKa  V 


H30TepMMHecKne  Bbiflep>KKM  b  TOMKax  OTcneTa  cocTaBnanw  He  MeHee  30 
MMHyT.  CnynaMHaH  norpewHOCTb  onpeAeneHwn  bh3kocth  He  npeBbiwana 
3%. 

CpaBHMTenbHbiM  MeTannorpacf>nHecKHM  aHann3  MHKpocTpyicryp 
npoBOAHJica  TpaAMqHOHHbiMM  MeTOAaMM.  BnMflHwe  TeMnepaiypbi 
HarpeBa  pacnnaBa  Ha  cTpyiaypy  TBepAOM  c^a3bi  6bino  i/i3yneHO  Ha 
npMMepe  Tpex  o6pa3poB,  MMeK>mnx  pa3Hbie  XMMMHecKne  cocTaBbi  -  0,5; 
1,0  M  10  Bec.%  Co  M  OTHOC^LAMXCH  K  CnnaBaM  A03BTeKTHHeCK0r0, 
SBTeKTMHeCKOrO  M  3a3BTeKTMHeCK0r0  TMHOB,  COOTBeTCTBeHHO.  Bee 
o6pa3L4bi  6binn  3aKpncTannn30BaHbi  npH  oahom  ckopocth  oxna>KA6Hwfl  - 
b  Tiime  BMCK03MMeTpa,  TeMnepaiypa  HarpeBa  pacnnaBa  cociaBnnna 
tn+100°C  Mtn+1100°c. 

B  pe3ynbTaTe  BncK03MMeTpMHecKoro  nccneAOBaHMn  Al-Co 
o6Hapy>KeHO  BeTBneHiie  nonmepM  HarpeBa  m  oxna>KAeHnn  f\na 
o6pa3L\OB  AOQBTeKTMMecKHX  cociaBOB.  Hanano  BbicoKOTeMnepaiypHoro 
coBnaAaioiAero  ynacTKa  noniuepM  OTBenaeT  MHTepBany  TeMnepaTyp 
980°-1000°C.  OTMeneH  h3hom  Ha  TeMnepaTypHbix  3aBncnM0CTnx 
BR3KOCTH  pacnnaBOB  OBTeKTHHeCKOrO  M  3a3BTeKTMHeCKHX  COCTaBOB, 
cooTBeTCTByfOiAHH  yBenMHeHMfo  npwMepHo  b  Asa  pa3a  3Heprnn 
aicniBaqHM  B*3Koro  TeneHMH  b6jim3h  950°  C. 

BnviHHMe  neperpeBa  pacnnaBa  Ha  CTpyKTypoo6pa30BaHne 
M3yneHHbix  o6pa3poB  oSHapyweHO  Ha  AoaBTeKTMwecKOM  cocraBe.  B 
nacTHOCTM,  nocne  neperpeBa  yMeHbumnocb  KonnnecTBO 
nceBAonepBHMHbix  KpncrannoB  aniOMWHMAa  Ko6anbTa  nHKBaij^MOHHoro 
npoMCxo>KAeHMn  m  CTana  6onee  AncnepcHOM  CTpyicrypa  3BTeKTHKM.  B 
CTpyKTypax  cnnaBOB  3BTeKTHHecKoro  n  3a3BTeKTMHecKoro  cociaBOB 
M3MeHeHMH  npaKTHHecKM  ne  o6Hapy>KeHO.  OTMeneHO  nmub,  hto  nocne 
neperpeBa  6onee  npeAnoHTnTenbHon  c|)opmom  pocia  KpucTannoB 
anK)MMHMAa  KoSanbTa  ciaHOBHTcn  OKpyrnan  cfcopMa,  a  caMM  Kpncrannbi 
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3BTeKTMKa  V 


npno6peTaK)T  flecpeKTHoe  cTpoeHne  n  coAepwaT  MHOwecTBo  Tpeu^MH  n 
nop. 

ABTopbi  o6cy>KqaK)T  nonyneHHbie  pe3ynbiaTbi  c  no3nqnn 
KonnonflHon  MOAenn  MnKporeieporeHHoro  CTpoeHnn  pacnnaBOB. 
CornacHO  3thm  npeACTaBneHHHM,  npn  nnaBneHnn  AByxc})a3Horo  cnuTKa 
o6pa3yeTcn  pacnnaB,  coctohujihh  H3  flncnepcHbix  MacTni4  n 

flncnepcnoHHOM  cpeflbi  pa3nnHHbix  xhmumockhx  cocraBOB.  CornacHO 
CTaGnnbHon  AnarpaMMe  cocTonHun  cncieMbi  AI-Co  npn  nnaBneHnn 
n3yneHHbix  o6pa3t\OB  am  $a3bi  o6pa3yK)Tcn  KaK  Ha  ocHOBe  nepBHMHbix  n 
3BTeKTHHecKnx  KpnciannoB  anbcfia-cpaabi,  TaK  n  Ha  ocHOBe 
nHTepMeTannnAa  AI9C02.  B  nonb3y  3T0M  rnnoie3bi  cBMAeienbCTByioT 
MHoronncneHHbie  SKcnepnMeHTanbHbie  AaHHbie  no  TepMOAHHaMnnecKUM 
CBOncTBaM,  nnoTHOcm,  bh3kocth  n  noBepxHOCTHOMy  HaTfDKeHMK) 
pacnnaBOB  cncieMbi  AI-Co.  BeTBneHne  nonmepM  bh3kocth  b  onbiTax  c 
pacnnaBaMM  AoaBTeKTHHecKMx  cocraBOB  mo>kho  cBH3aTb  c  HeoGpamMbiM 
pa3pyweHneM  A^cnepcHbix  Macinq,  o6pa30BaHHbix  Ha  ocHOBe 
nepBHHHbix  KpnciannoB  anbcf)a-c|}a3bi.  B  pe3ynbiaie  3Toro  npoi^ecca, 
no-BHAHMOMy,  B03pocno  nepeoxna>KAeHne  Ha  cppome  KpncTannn3aMnn, 
mo  n  npHBeno  k  yKa3aHHbiM  Bbiine  H3MeHeHnnM  nmon  CTpyKTypbi. 
H3noMbj  Ha  nonnTepMax  BfJ3KOCTn,  oTMeneHHbie  B6nn3H  tomkh 
nnaBneHnn  MHepMeiannnAa  Al9Co2  b  onbuax  c  o6pa3L4aMn 
3BTeKTnHecKoro  n  3a3BTeKTHHecKoro  cocraBOB  npn  OTcyTCTBnn 
seiBnenm  KpnBbix  HarpeBa  n  oxna>KAeHnn  Moryr  6bHb  Bbi3BaHbi 
o6pamMbiMn  CTpyKTypHbiMH  M3MeHeHHfiMH,  nponcxoAHLAMMn  npn 
HarpeBe  c  HacTnqaMH,  6nn3KHMM  no  cociaBy  k  yKa3aHH0My 
MHTepMeiannnAy.  BcneACTBne  nx  o6pamMocTn  He  Ha6moAaeTcn 
pa3nnnnn  MMKpocipyKTyp  o6pa3b|OB  3BTeKTHHecKoro  n  3a3BTeKTMHecKnx 
cocTaBOB,  BbmnaBneHHbix  npn  pa3nnHH0M  neperpeBe  HaA  nnKBnAycoM. 
©E.  B.  PoxuquHa,  O.  A.  Hunoea,  n.  C.  rionenb,  M.  F.  Epodoea,  2000r. 
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ANOMALIES  OF  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 
Fe83B17  EUTECTIC  AMORPHOUS  ALLOY  CAUSED  BY  SPECIAL 
ELECTRONIC  AND  ATOMIC  STRUCTURES  OF  ITS  NANOCLUSTERS 

V.  Bengus  a,  A  Beznosov  a,  V .  Desnenko  a,  P.  Duhaj  b,  V.  Eremenko  a, 
E.  Fertman a,  E.  Tabachnikova a 

a)  B.  Verkin  Inst,  for  Low  Temperature  Physics  &  Engineering  of  NASU, 
Kharkov,  61164,  Ukraine 

b)  institute  of  Physics  of  SAS,  84228,  Bratislava,  Slovakia 
INTRODUCTION 

The  main  property  of  an  eutectic  melt  -  its  least  temperature  of 
solidification  in  comparison  with  nearby  compositions  -  evidences  the 
maxmum  stability  of  liquid  state  of  eutectic  alloys  regarding 
crystallization.  In  the  framework  of  notions  on  tetrahedrally  coordinated 
nanoclusters  of  metallic  melts  [1,  2]  this  indicates  the  highest  average 
binding  energy  per  atom  of  eutectic  nanoclusters  in  comparison  with 
noneutectic  ones  [3]  and  must  result  in  extremum  in  “composition- 
properties”  plots  at  the  eutectic  composition  [4].  Such  extremum  have 
been  really  detected,  e.g.  for  the  Fe-B  melt  [3,  5], 

Knowledge  of  the  atomic  structure  and  properties  of  tetrahedrally 
coordinated  eutectic  nanoclusters  is  of  a  key  importance  for  the  further 
development  of  materials  science  and  physics  of  eutectic  alloys.  Such 
knowledge  could  be  obtained  experimentally  by  the  study  of  atomic 
structure  not  only  of  a  liquid  state  but  also  of  amorphous  alloys  which 
inherit  nanoclusters  of  the  melt  under  its  rapid  quenching  [6].  But  existing 
methods  of  the  structural  analysis  give  mainly  averaged  information 
(radial  distribution  functions)  about  structure  of  non-crystalline  solids  and 
so  far  are  ineffective  for  establishing  precise  atomic  structure  of 
nanoclusters  in  amorphous  alloys  [7]. 

At  the  same  time  according  to  the  hypothesis  of  W.  Hume- 
Rothery  and  E.  Anderson  eutectic  nanoclusters  in  binary  metallic  alloys 
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are  noncrystalline  aggregates  of  icosahedra  that  have  been  effectively 
explained  definiteness  of  compositions  of  liquid  binary  eutectics  in  nature 
[8],  Indirect  information  about  atomic  structures  of  these  eutectic 
tetrahedrally  coordinated  nanoclusters  can  be  obtained  from  the  analysis 
of  “composition-properties”  diagrams  of  amorphous  alloys  that  may  give 
criteria  [9]  for  choosing  probable  geometric  models  of  the  nanoclusters.  It 
is  worth  noting  that  similar  to  the  best  stability  of  eutectic  melts  regarding 
crystallization  under  cooling,  eutectic  amorphous  alloys  has  the  best 
stability  regarding  the  crystallization  under  heating  (e.g.  in  the  Fe-B 
amorphous  alloys  it  is  evidenced  by  measurements  both  of  the 
crystallization  temperature  [10]  and  of  the  activation  energy  [11]). 

This  paper  up-dates  anomalies  of  mechanical  and  physical 
properties  of  the  Fe83Bi7  eutectic  amorphous  alloy  considered  to  be  a 
consequence  of  the  highest  binding  energy  per  atom  of  its  nanoclusters 
(and  the  most  disordered  intercluster  boundaries  [12])  and  demonstrates 
new  observations  of  the  anomalies  in  the  Fe-B  amorphous  alloy  system 
at  the  eutectic  composition  which  evidence  the  most  stability  of  atomic 
and  electronic  structures  of  nanoclusters  in  the  Fe83B17  eutectic 
amorphous  alloy. 

MATERIALS  AND  METHODS 

Feioo-xBx  (x  =  14,  16,  17,  20)  amorphous  alloys  were 
manufactured  by  planar  flow  casting  [13]  as  6  mm  width  ribbons  with 
nearly  30  \im  thickness.  Concentration  dependences  of  numerous 
properties  of  these  ribbons  were  studied:  the  critical  shear  stress  af  in 
tension  -  according  to  the  methods  described  in  [13],  low  temperature 
thermal  expansion  a  (according  the  method  described  in  [14]),  light  (sp) 
conduction  electrons  density  n0  (was  obtained  from  the  measurement  of 
surface  and  volume  energy-loss  functions  Ls>v  in  the  three-parameter 
Drude  model  through  the  Eq.  (1)  for  plasma  frequency  cop 

n0-  m  (op  / 4  ne2  ,  (1) 
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m,  e  -  the  electron  mass  and  charge  accordingly,)  -  with  an  optica!  ellipso- 
metry  technique  (in  the  spectral  range  0.5-4. 2  eV)  for  chemically  polished 
(just  before  optical  study)  ribbon  surfaces  [9],  saturation  magnetization  Ms 
and  g-factor  -  from  the  ferromagnetic  resonance  measurements  [13], 
initial  and  maximum  magnetic  permeabilities  Ho  and  pmax,  effective 
magnetic  susceptibility  x,  and  the  stress  sensitivity  of  some  magnetic 
characteristics  under  uniaxial  tension  and  compression  (in  an  elastic 
region)  were  measured  by  the  pulse-induction  technique  or  with  the 
SQUID  magnetometer  [15]. 

EXPERIMENTAL  RESULTS 

Concentration  dependences  of  some  studied  properties  of  the  Fe10o-xBx 
amorphous  alloys  are  shown  in  Figures  1  -  2.  It  can  be  seen  that  the 
lowest  values  of  the  critical  shear  stress  crf  ,  sp-conduction  electrons 
density  n0  (calculated  from  eliipsometry  measured  plasma  frequency  wp) 
and  the  Lande  factor  g0  of  spectroscopic  splitting  are  obtained  for  the 
eutectic  amorphous  alloy  Fe83Bi7  (x  =  17).  Average  derivatives  of 
magnetic  remanenc  Br  and  effective  dc  susceptibility  ^with  respect  to  a 
tension  stress  a  or  a  compression  pressure  P  are  shown  in  Figures  3  -  4 
for  different  compositions,  temperatures  and  elastic  stresses.  It  can  be 
seen  that  the  eutectic  composition  Fe83Bi7  has  the  lowest  values  of 

d  Inxl  dP  at  30,  70,  100  K  (and  practically  at  all  studied  temperatures) 
and  A Br  /A <x  (at  300  K)  and  is  the  least  sensitive  to  changes  in 
temperature  and  stress.  Also  it  has  the  lowest  thermal  expansion 
coefficient  a,  initial  p0  and  maximum  fimax  magnetic  permeabilities,  and 
saturation  magnetisation  Ms[  15,  17]. 
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Fig.1.  The  critical  shear  stress 
of  Fe10o-xBx  amorphous  alloys 
at  the  strain-rates  1x1  O'6 
s'1  (+), 8.3x1 0‘5  s'1  (□),  2.5x10' 
V{«)  (at  300  K)  and  8.3x10' 
V(A)  (at  77  K)  vs.  x. 


Fig.  3.  The  average  derivative 
A Br  /Act  of  the  Feioo-xBx 
amorphous  alloys  at  77  and 
300K  under  tension  stresses 
of  10  and  40  MPa  vs.  x  . 


Fig.2.  Effective  “initial”  (i.e, 
corrected  by  the  compensation 
of  the  linear  part  of 
concentration  dependences) 
conduction  electron  density  n0 
and  g-factor  g0  of  the  Fe10o-xBx 
amorphous  alloys  vs.  x. 


Fig.4.  The  j1  d  Inz  /  d P  for 
the  Fe10o-xBx  amorphous  al¬ 
loys  under  the  normal  to  rib¬ 
bon’s  surface  uniaxal  pressure 
of  20  MPa  at  30,  70,  100  K. 
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DISCUSSION  OF  RESULTS 

Data  of  present  paper  (Fig.  1-4)  show  that  ail  up  today  measured 
physical  properties  of  the  Fe83B17  eutectic  amorphous  alloy  (including 
recent  microhardness  measurements  [18])  demonstrate  anomalies 
(singularities).  Existence  of  these  anomalies  had  been  explained  by  a 
supposition  about  the  most  stability  of  nanoclusters  of  the  eutectic 
composition  which  were  supposed  to  have  the  highest  average  binding 
energy  per  atom  [12,  14]. 

Such  a  supposition  is  firstly  corroborated  experimentally  in  the  present 
paper  due  to  measuring  of  the  stress  sensitivity  of  Br  and  x  (Fig.  3  and  4). 
We  can  see  that  the  eutectic  amorphous  alloy  has  the  least  changing  of 
magnetic  properties  under  the  stress  application  or  lowering  the 
temperature.  This  indicates  evidently  on  the  most  stiffness  of 
nanoclusters  of  the  eutectic  amorphous  alloy  in  comparison  with  nearby 
noneutectic  ones. 

The  least  density  of  sp-conducting  electrons  in  the  eutectic  amorphous 
alloy  (Fig.  2)  correlates  well  with  this  conclusion  since  more  electrons 
must  occupy  localized  3 d  -  shells  of  Fe-ions  for  intensifying  their  covalent 
bonding  with  boron  for  increasing  the  stiffness  of  icosahedral 
nanoclusters  of  the  eutectic  alloy.  Thus,  electronic  structure  of  the  Fe83B17 
nanoclusters  can  be  characterised  quantitatively  by  the  n0  =  0.67  sp- 
conducting  electron  density  (though  the  atomic  structure  of  these 
nanoclusters  still  waits  for  its  solving). 

According  to  the  polycluster  model  of  amorphous  solids  [19] 
intercluster  boundaries  offer  a  lower  resistance  to  plastic  shear  as 
compared  to  that  in  the  bulk  of  the  clusters.  This  resistance  to  plastic 
shear  is  mainly  determined  by  the  atomic  structure  of  intercluster 
boundaries  [13],  namely,  by  the  concentration  cc  of  coinciding  sites  at 
these  boundaries  and  by  the  distribution  of  local  critical  shear  stresses  <jc 
at  these  sites  due  to  internal  stresses.  The  smaller  the  number  of 
coinciding  sites  at  the  boundary  between  clusters,  the  smaller  the 


78 


©Eutectica-V 


3BTeKTMKa  V 


resistance  offered  by  the  boundary  to  plastic  shear  along  it.  Figure  5 
shows  schematically  a  two-dimensional  polycluster  with  an  intercluster 
boundary  containing  coinciding  and  noncoinciding  sites  of  two 
neighbouring  locally  regular  clusters  as  well  as  the  corresponding 
potential  relief  along  the  intercluster  boundary  [13].  Non-coincident  sites 
are  evidently  carriers  of  plastic  deformation  (a  kind  of  analogs  of  mobile 
dislocations  in  crystals)  moving  along  intercluster  boundaries  under  the 
action  of  shear  stresses. 

The  critical  stress  <jp  of  plastic  shear  along  an  intercluster 
boundary  in  the  absence  of  thermally  activated  rearrangements  is 


defined  as  follows  [13,  20]): 

op  =  ( <ac: 


b 


Fig.  5.  Scheme  of  two- 
dimensional  polycluster  with  the 
intercluster  boundary  (signed  by 
dashed  lines)  (a);  corresponding 
potential  relief  along  the 
intercluster  boundary  (b)  [13]. 


-  5C  /  2)  •  cc  ,  (2) 

where  <ac>  is  the  average  local 
critical  stress  at  coinciding  sites  on  the 
intercluster  boundary,  Sc/  2  is  the  half¬ 
width  of  the  distribution  of  the  values 
of  ac ,  and  cc  is  the  concentration  of 
coinciding  sites  at  the  intercluster 
boundary.  up  is  close  to  the  critical 
stress  <jf  for  the  catastrophic  plastic 
shear  crp  »  at  and  it  is  assumed  that  it 
has  the  same  concentration 
dependence  as  af .  Values  of  cc  still 
cannot  be  measured  experimentally  by 
direct  methods  of  high-resolution 
electron  microscopy  or  ion-field 
microscopy.  Therefore  it  is  interesting 
to  estimate  a  ratio  of  concentrations  of 
coinciding  sites  at  intercluster 
boundaries  of  amorphous  alloys  of  the 
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eutectic  and  nearby  compositions.  Let  us  denote  by  apm,n  ,  aocnnln  and 
ccmin  the  quantities  appearing  in  (2)  for  the  eutectic  composition  and  by 
crpmax ,  aocmax  and  ecmax  the  same  quantities  for  the  nearby  compositions. 
It  can  be  shown  [13,  20]  that 

_  min  /  max  ^  /  min  /  max\  /o\ 

Cc  /  cc  <  (ap  /  ctp  )  (3) 

gives  an  upper  estimate  of  the  relative  decrease  in  the  fraction  of 
coinciding  sites  ccmin  /  ccma*  owing  to  the  formation  of  eutectic  (“strong”) 
nanociusters.  Estimating  of  this  value  from  Fig.  1  for  Fe10o-xBx 
amorphous  alloys  of  eutectic  and  nearby  compositions  gives  0.9. 
Consequently,  intercluster  boundaries  in  amorphous  alloys  of  the  eutectic 
composition  contain  approximately  10%  lower  number  of  coinciding  sites 
than  amorphous  alloys  of  nearby  compositions.  This  difference  in  atomic 
structure  of  intercluster  boundaries  gives  a  microscopic  explanation  of  the 
critical  stress  singularity  of  the  eutectic  amorphous  alloy. 

Thus,  the  Fe83Bi7  eutectic  amorphous  alloy  not  only  posses  anomalies 
of  a  number  of  physical  and  mechanical  properties  but  also  exhibits  the 
most  stability  relative  to  the  elastic  stress  application  and  temperature 
lowering  (down  to  10  K).  This  is  considered  as  an  indication  of  the  most 
stability  of  atomic  and  electronic  structures  of  its  nanociusters.  Such 
properties  correlate  well  with  the  smallest  viscosity  of  eutectic  melts  [5], 
smallest  surface  tension  etc.  The  least  sp-conducting  electron  density 
(0.67)  and  the  10%  smaller  number  of  coinciding  atomic  sites  at 
intercluster  boundaries  in  this  amorphous  alloy  (than  in  nearby  alloys)  can 
be  considered  as  quantitative  characteristics  for  selecting  probable 
geometric  atomic  models  of  eutectic  nanociusters. 
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AHOMAJlbHOE  nEPEOXJ!A>KflEHME  3BTEKTHMECKOI?l 
mm KOCTH  B  CnilABAX  HESBTEKTMHECKOrO  COCTABA 
B  CMCTEME  PTyTb-TEJUlYP 

B.MTna30e,  Jl.M.  flaenoea 

HHCTMTyT  aneKTpoHHOM  TexHMKM  (TexHMHecKMPi  yHMBepcmeT) 
r.  MocKBa,  Poccmh 

flwarpaMMa  coctoahhh  cucieMbi  piyTb-Tennyp  ao  HacTOHuqero 
BpeMeHM  M3yHeHa  b  pane  pa6oi  (cm.  o63op  [1]).  PeaynbTaTbi  stmx 
uccneflOBaHMM  b  npeflenax  ouhiOok  aKcnepHMema  flocTaTOMHO  xopoujo 
cornacyiOTCfl  Me>KAy  co6om.  OflHaKO  stm  pe3ynbTaTbi  [1]  HaxoAflTcn  b 
npoTMBopeHMM  c  AaHHbiMM  pa6oTbi  [2],  b  kotopom  npn  TeMnepaiype 
664±2K  o0Hapy>KeHO  MOHOTeKTunecKoe  Tpexc£a3Hoe  paBHOBecne  m 
cooTBeTCTByioiAafl  eMy  oGnacib  paccnanBaHMn  >kmakmx  pacTBopoB  b 
MHTepBane  KOHUieHTpauuM  ot  0.528  ao  0.555  aTOMHbix  Aoneti  Tennypa. 
YmiTbiBafl  npoTMBOpeHMBOCTb  MMejoiAMxcfl  pe3ynbTaTOB  o  xapaKTepe 
cf)a30Bbix  paBHOBecuM  b  CMdeMe  Hg-Te,  Mbi  peiumiM  npoBecTM 
AononHMTejibHoe  uccneflOBaHiie  AnarpaMMbi  coctohhmh  stom  cucreMbi  c 
Mcnorib30BaHMeM  coBpeMeHHbix  mctoaob  c{)M3MKO-xMMMHecKoro  ananma. 
Ha  He06X0flMM0CTb  MCCneAOBaHHM  (J)a30BblX  paBHOBeCMM  B  3T0M 
cucrreMe  yKa3biBaiOT  Taioxe  pe3ynbTaTbi  paSoTbi  [3],  b  KOTOpow 
npoBefleHO  cornacoBaHwe  TepMOflMHaMMHecKMx  cbomctb  >khakmx 
pacTBopoB  Hg-Te  c  AaHHbiMM  o  cpa30Bbix  paBHOBecwnx  w  oQHapyweHO 
nanmue  Me™  BbipaweHHoro  MMHMMyMa  Ha  KpwBbix  KOHi^eHTpaqMOHHOM 
3aBMCMMOCTM  M36blTOHHOH  3HTaJ1bnHM  M  M36bfTOHHOM  OHTporiHM 
CMeineHvm  Ha  cociaBe  60  aT.%  Tennypa,  mto  HaBOAm  Ha  Mbicnb  o 
bo3mo>khoctm  cymecTBOBaHkm  accoAMaTa  Hg2Te3.  flnn  peweHMH 
nocTaBneHHOM  3aAann  6binn  nptiroTOBneHbi  cnnaBbi  b  npeAenax 
nacTHOM  CMcreMbi  HgTe-Te.  flnn  npnroTOBneHnn  cnnaBOB  ncnonb30Bann 
TennypHA  pTyTM,  3apaHee  cMHTe3npoBaHHbm  M3  MaiepnanoB 
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nonynpOBOflHMKOBoii  nncTOTbi  (c  coflepwamieM  npwMecen  He  Gojibiue, 
neM  1 0'5%  no  Macce )  m  tot  we  Tennyp. 

M3roTOBneHHbie  cnnaBb!  6bmn  uccneflOBaHbi  MeTOflaMM 
MMKpocrpyKTypHoro,  pemreHOCTpyKTypHoro  m  TepMHnecKoro  aHann3a. 
PaccMOTpeHMe  nonyneHHbix  cnnaBOB  hoa  MMKpocKonoM  noKa3ano  b 
oSunervi  Ty  >Ke  KapTMHy  <£a30Bbix  paBHOBecMM,  KOTOpan  cneflyeT  m 
ananma  cpa30B0M  flviarpaMMbi,  npMBefleHHon  b  [1]. 

B  cnnaBe,  coAepwameM  60  aT.%  Tennypa,  OTHeTnnBO  bmahw 
nepBMHHbie  KpHCrannw  TennypMAa  pTyTH  n  BbiAeneHMn  sBTeKTMHecKOM 
CTpyKrypHOM  cocTaBJinKDuneM.  B  cnnaBe,  coAepwameM  88  aT.%  Tennypa 
(npeAnono>KiiTenbHO  OBTeKTMHecKOM),  sBTeKTMHecKan  cTpyicrypHan 
cocTaBnmou^an  3aHMMaeT  npaKTMHeCKM  Bee  none  3pennn  b  MMKpocKone. 
OAHaKO  no  rpaHviqaM  OBTeKTMHecKMx  KonoHnn  bmahh  tohkmc 
BbiAeneHwn,  no-BMAHMOMy,  cyAfl  no  OKpacKe,  TennypnAa  pTym,  KOTopbie 
npMcyTCTByiOT  bbmay  HeTOHHoro  nonaAaHnn  3Toro  cnnaBa  b  cocTaB 
3BTeKTMKM.  HaKOHeLj,  b  cnnaBe,  coAepwauneM  93  aT.%  Tennypa 
(3a3BTeKTHHecK0M) ,  BMAHbi  nepBMHHbie  KpwcTannbf  TBepAoro  pacTBopa 
Ha  ocHOBe  Tennypa  m  Ta  >Ke  SBTeicniHecKan  CTpyKTypHan  cocTaBnmoman. 
PeHTreH0c()a30BbiM  ananm  b  oOineM  noATBepwAaeT  onMcaHHyK)  KapTMHy 
4)a30Bbix  paBHOBecMM  b  MacTHOM  CMCTeMe  HgTe  -  Te.  Mbi 
npoaHanM3wpoBanM  cocTaB  nepBMHHbix  KpMCTannoB  m  3BTeKTMHecKMX 
BbiAeneHMM  b  cnnaBax  pa3nMHHoro  cocTaBa  mctoaom  peHTreHOBCKOro 
aHeproAMcnepcMOHHoro  aHanM3a\  CocTaB  nepBMHHbix  KpMCTannoB 

TennypMAa  pTyTM  KoneOancn  b  npeAenax  ±0.5  aT.%  Te,  hto  MOweT  6biTb 
cB«3aH0  c  nepeMeHHOM  pacTBOpMMOCTbio  Tennypa  b  coeAMHeHMM,  a 
TaiOKe  c  oujMOKaMM  sKcnepMMem-a.  CocTaB  sbtcktmkm  ot  cnnaBa  k 
cnnaBy  npaKTMHecKM  He  M3MeHnncn.  OAHaKO  pe3ynbTan>i  TepMMnecKoro 


1  HccneflOBaHMa  cocTaBOB  oTAenbHbix  cipyKrypHbix  cocTaBJiaKJinwx  npoBOflunn 
Ha  annapaType  SEM-515  cfwpMbi  Philips  c  npMCTaBKOM  LINK-AN-100. 
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aHanii3a  npMBenn  k  BbiBO,qaM,  o  KOTOpbix  b  nmepaType  Hunero  He 
cooSmanocb. 

TepMHMecKMfi  aHanM3  npoBOAMncn  c  ncnojib30BaHneM 
aneiarpoHHOM  annapaiypbi,  no3BonfliomeM  MMeTb  CTporo  3aflaHHbm  xoa 
M3MeH enm  TeMnepaTypbi  bo  BpeMeHM,  m  ycnnnTenn  cumana, 
no^aBaeMoro  ot  Aar-WKa  TeMnepaTypbi,  hto  no3Bonnno  cymecTBeHHO 
noBbiCHTb  HyBCTBMTenbHocTb  MeTOfla.  Hcnonb30Banncb  xpoMenb- 
aniOMeneBbie  TepMonapbi.  3anwcb  TepMorpaMM  npon3BOflHJiacb  na 
AByxnepbeBOM  caMonmiiymeM  npwOope  b  KoopAMHaTax  TeMnepaTypa- 
BpeMn  m  pa3HOCTb  TeMnepaTyp  o6pa3qa  m  STanoHa  -  BpeM*.  B  KanecTBe 
3TanoHa  ncnojrib30BaJin  okcha  aniOMHHun  (Al203)  BbicoKoii  creneHM 

HMCTOTbl. 

Ha  KpMBbix  oxnaM^eHMn,  CHMMaBwnxcn  npt-i  CKopocTM  3-4  K/mhh, 
3ac{)MKCMpoBaHO  Asa  TennoBbix  actxfceicra  -  nepBbifi  OTBenaeT  nepBMHHOM 
KpncTannn3ai4nn  TennypMAa  pTym  nn6o  TBepAoro  pacTBopa  Ha  ocHOBe 
Tennypa.  3th  actKfieKTbi  npamiHecKM  cooTBeTCTBOBann  TeMnepaTypaM 
/lMKBMAyca,  npHBOAHMbiM  b  nm-epaType.  TennoBOM  >Ke  3c|)c})eKT,  KOTopbm 
Aon>KeH  cooTBeTCTBOBaTb  OBTeKTHMecKOMy  npeBpameHMio,  Ha6xiK)AaeTcn 
Ha  KpHBbix  oxna>KAeHnn  npw  TeMnepaTypax  npMMepHO  Ha  100  K  HkDKe, 
neM  06  3tom  cooOLnanocb  b  rwTepaType.  B  to  >xe  BpeMH  Ha  KpwBbix 

HarpeBaHna  HaSjuoAaeTCH  sctacpeKT  npw  TeMnepaType  ^407K,  hto 
npMMepHO  cooTBeTCTByeT  hpmboawmom  b  [1]  (41  IK).  3tm  AaHHbie 
no3BonniOT  yTBep>KAaTb,  hto  >KHAKOCTb  3BTeicTMHecKoro  cocTaBa  b 
yK33aHH0M  pe>KMMe  oxna>KAeHMH  noABepraeTcn  myOoKMM 
nepeoxna>KAeHMHM  He3aBMCMM0  ot  cocTaBa  cnnaBa.  C  stum 
3aKJlt0HeHMeM  CBH3aH  BbIBOA  o  TOM,  HTO  nepBMHHbie  KpMCTamibl  He 
0Ka3biBaioT  KaTann3npyioinero  B03AeMCTBnn  Ha  npoqeccbi  3apo>KAeHMn  m 

pOCTa  SBTeKTMHeCKMX  KOJIOHMM. 

Ha  TepMorpaMMax,  nojiyneHHbix  b  pe>KMMe  oxna>KAeHMH  co 
CKOpocTbK)  3-4  K/mmh.,  m  b  cnnaBe  SBTeKTMHecKoro  cocTaBa  (^88aT.% 
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Te)  n  b  3a3BTeKTMHecK0M  cnnaBe  (93  aT.%  Te)  SBTeKTMHecKan  wMAKocTb 
nepeoxnawAaeTcn  npn6jiM3mejribHO  Ha  Te  >Ke  100  K,  hto  m  b 
flosBTeKTMHecKMx  cnnaBax.  HaOnioAaeMan  KapTMHa  coBepiueHHO  He 
xapaKTepHa  j\nn  cncreM  3BTeKTMHecKoro  Tuna  h  cBMABTenbCTByeT  06 
oco6om  coctohhmm  reTeporeHHOM  CMCTeMbi  nepBMHHbie  KpMcrannbi  - 
3BTeKTHHecKa«  >KMflKOCTb  b  noflCMdeMe  HgTe-Te. 

MHepTHOCTb  nepBMHHbIX  KpMCTanJlOB  B  OTHOLUeHHM 
HHHLIHMpOBaHMn  KpHCTannH3ai4MM  3BTeKTMHeCKMX  KOAOHMM 

npeACTaB/ineTC^  Mario  noHfiTHOM,  yHMTbiBan,  hto  3BTeKTHKa  coAepwnT 
KpMCTannbi  Tex  we  cpa3,  KOTopbie  KpncrannnsyKrrcn  nepBMHHO 
cooTBeTCTBeHHo  b  ao  ■  m  3a3BTeKTMHecKnx  cnnaBax.  npMHMHa  TaKOrO 
aHOMaJlbHOrO  nOBeABHMfl  OBTeKTMHeCKOM  WHAKOCTM  B  HaCTHOM  CMCTeMe 

HgTe-Te  CBH3aHa,  Ha  Ham  B3rrmA,  c  ocoOeHHOCTHMM  MewHacTMHHoro 

B3aMMOAeMCTBH«  B  A^HHOM  CMCTeMe. 

B  3T0M  CBH3M  H3MM  6blJl  npOBeAeH  TepMOAMHaMMHeCKMM  aHaJ1H3 
B3anM0A6HCTBM^  b  CMCTeMe  HgTe-Te  Ha  ocHOBe  MOAenn 
aCCOL^MaTMBHblX  paBHOBeCMM. 

Ha  ocHOBaHMM  nojiyneHHbix  pe3ynbTaTOB  MCcneAOBaHMM 
4)a30BblX  paBHOBeCMM  B  paCCMaTpMBaeMOM  CMCTeMe  MOWHO  CHMTaTb 
TBepAO  ycTaHOBJieHHbiM  HanMHMe  tojibko  OAHoro  KOHrpyaHTHO 
nnaBnmerocn  coeAMHeHM*  HgTe.  OAHaKo  HanMHMe  MMHMMyMa  Ha 

KpMBblX  KOHL^eHTpaUIMOHHOM  33BMCMM0CTM  M36bITOHHblX  CBOMCTB 
(3HTanbnMM  m  3HTponMM  CMemeHMa)  no3BonneT  CAenaTb  npeAnonoweHMe 
0  bo3mowhoctm  o6pa30BaHnn  accoL\MaTa  Hg2Te3  b  wmakmx  pacTBopax 
CMCTeMbi  HgTe-Te.  C  yneTOM  3Toro  AonyuneHMn  mowho  nonaraTb,  hto  b 
wmakmx  pacTBopax  CMCTeMbi  HgTe-Te  npMcyTCTByK>T  ABa  copTa 
accomiaTOB:  HgTe  m  Hg2Te3. 

BbinM  paccMOTpeHbi  peai&inn  TepMMHecKOM  AuccoL^MaqMM  stmx 
accou^naTOB  m  OLjeHeHbi  nx  SHepreTMnecKMe  napaMeTpbi.  OKa3anocb,  hto 
KOHqeHTpai^Mn  accouMaTOB  Hg2Te3  cpaBHMTenbHO  HeBenMKa,  ho  TeM  He 
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weHee  ohm  npMcyrcTByioT  npaKTMHecKM  bo  BceM  MHTepBane 
KOHL^eHTpai^MM  HacTHOM  cwcTeMbi  HgTe-Te.  floaTOMy  mo>kho  Aonycrnrb, 
hto  Ha  ocHOBe  accoi^MaTOB  Hg2Te3  bo3mo>kho  o6pa30BaHwe  KpynHbix 
nonMaHMOHOB  comacHO  pe3yjibTaiaM  pa6oTbi  [4],  b  kotopom 
o6cy>KAaeTCH  mx  cipoeHMe.  BeponTHO,  npMcyrcTBMe  b  pacnnaBe  stux 
normaHMOHOB,  cnoco6Hbix  cfjopMMpoBaTb  qenoneHHbie  m  ceTHaTbie 
crpyKjypbi,  m  flenaeT  3BieKTMHecKyK)  >KHAKOCTb  MHepTHon  k  npncyTCTBMio 
nepBMHHbix  KpMCTannoB  KaK  TennypMAa  piyTM,  TaK  m  TBepAoro  pacTBopa 
Ha  ocHOBe  Tewiypa,  b  pe3ynbTaTe  Hero  bch  cMcieMa  nepBMHHbie 
KpMCTaJlJlbl  -  SBTeKTMHeCKaf!  >KMAKOCTb  npMOSpeTaeT  yCTOMHMBOCTb 
CTpyKTypMpOBaHHOM  CMCTeMbi  Tuna  KonnoMAHoro  pacTBopa  [5], 
chocoShom  my6oKO  nepeoxna>KAaTbCH. 
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O  CTPYKTYPE  3AKAJlEHHblX  F1J1EHOK  CIUIABA  AM 0,6Si 

A.  HD.  LLInopmhKO 

Hai4M0HanbHafl  MeTarniypruMecKaa  AfcaAeMHfl  YKpaiiHbi 
r.  flHenponeTpoBCK,  YKpawHa 

TpaHCMMCCiiOHHoe  ajieKTpoHHO-MMKpocKonnHecKoe  MCcneflOBa- 
Hue  tohkmx  nneHOK,  noiiyneHHbix  bucokockopocthom  KpncTanJiM3aL[Men 
pacnnaBa,  HeceT  onpefleneHHyK)  MHCpopMapmo  o  MMKpoHeoflHOpOAHOCTM 
>kmakow  4>a3bi. 

ToHKne  nneHKn  >KHAKoro  cnnaBa,  yAep>KMBaeMbie  cwnaMM 
noBepxHOCtHoro  Ha  paMKe,  3aTBepAeBann  Ha  B03Ayxe 

(V0xn  =  102...103  °C/c)  n  npw  3aKannBaH m  b  xonoAHyK)  BOAy 
(VOxn=1050C/c)  [1].  nojiyneHHbie  nneHKH  npnroAHbi  Ann  HCcneAOBaHMH  b 
ajieKrpoHHOM  MMKpocKOne  6e3  AononHHTenbHoro  yroneHHH  06-beKTa  - 
3to  BecbMa  Ba>KHo  pnn  M3yneHMH  hojihom,  Hencica>KeHHOM  KapTMHbi 
KpncTa/iriM3a4MM,  t.k.  Bee  MopcjDonorMHecKMe  3/ieMeHTbi  c})a3  coxpaHeHbi. 
PacnnaB  TepMocTaTHpoBarm  npw  TeMnepaiypax  740,  760,  780  °C. 
06pa3L[bi  AM9MeTP0M  3  mm  Bbipe3anncb  H3  ynacTKOB  nneHOK 
TOJU14HHOM  He  6onee  0,1  ...0,2  mm,  rAe  o6pa30BbiBanwcb  KJiHHOBHAHbie 
ynaGTKM,  np03paHHbie  AJifl  aneicrpOHOB  npw  ycKOpnfomeM  Hanpn>KeHMM 
100. ..125  kB.  t4cnojib30Banw  sneicrpoHHoe  MMKpoii3o6pa>KeHne  b 
CBemoM  h  TeMHOM  nonnx  b  CBeie  M36paHHoro  pec[)JieKca  cf)a3.  nepeA 
paciun0pOBKOH  aneicrpoHorpaMM  onpeAenHJiM  nocTOHHHyio  MMKpocKona 
no  CTaHAapTHOM  MeTOAMKe  [2]. 

npM  CKOpOCTH  OXJia>KAeHHH  103  °C/C  SBTeKTHHeCKHe  Cf)a3bl 
aniOMMHMM  H  KpeMHHM  KpMpTannM3yK>TCH  B  BMA©  nO/lM3APHHeCKMX  3epeH. 
MeTOAOM  MHKpoAMC^paKUMM  ycTaHOBneHO,  hto  nmm  cpaciaHHH 
HecKOJibKMX  nonn3ApOB  aniOMMHkm  (c  ocbK>  30Hbi  [114]  m  c  ocbio 
30Hbi[1 1 6])  cpHKCMpyroTCH  cy6rpaHMpei4.  KpeMHMM  KpncTajinn3yeTCH  b 
COOTBeTCTBHH  CO  CBOePt  KpHCTannOXMMHHeCKOM  npwpOAOM:  06pa3yK)TCH 
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BblCOKOyrJlOBbie  ABOMHMKOBbie  OpueHTHpOBKM  C  OCbfO  30Hbl  [211] 
MaipnL|bi  (puc.  1).  3acjDMKcnpoBaHbi  npoflyKTbi  pacnafla  XMMWHBCKoro 
coeflMHeHM?!  Mrm  nepecbimeHHoro  TBepAoro  pacTBopa.  MeTOAOM 
MMKpOAHC})paKl4MM  MAGHTMCjDML\MpyK)TCfl  ajlJOMUHMM  C  OCbK)  30Hbl  [001]  M 
KpeMHMM. 


Pmc.1  .  fl3M:  a  -  x3900;  6  -  aneicrpoHorpaMMa;  b  -  TeMHonoxibHoe 

M3o6pa>KeHMe 

flpn  noBbiLueHMM  ckopocth  oxna>KAeHMfl  ao  105  °C/c  BbiflBneHa 
AeHApmHa^  CTpyKTypa  a-  TBepAoro  pacTBopa  c  cucTeMaMM  AHCJiOKamiw 
m  MeiiKMe  KpticTannb!  BTOpMHHoro  KpeMHMfl,  BbiAen^fOLAneca  Ha  CTbiKax 
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fleHApuTHbix  BeTBePi  B  tohkom  nneHKe,  M3  KOTOpoPi  nyTeM 
M36npaTenbHoro  TpaBJieHMH  6bm  yflaneH  SBTeKTMHecKwPi  anK)MMHMPi, 
TOHKOnepeMe>KaK)LMHeCa  BeTBM  KpeMHMfl  C  OCbK)  30Hbl  [110]  M  aJIfOMMHMfl 
o6pa3yioT  CTpyKTypy  c  BbicoKoPi  cieneHbK)  KOoneparuBHocTn.  3to 
CBM,qeTejibCTByeT  o  ManoPi  cieneHM  MUKporeieporeHHOCTii  flaHHoro 
pacnnaBa  (pwc,  2). 


Pmc.2.  !"13M:  a  -  x1600;  6  -  aneicrpoHorpaMMa 


npn  n3MeHeHMM  TeMnepaTypbi  neperpeBa  HaA  rmmevi  jiukbuayc 
(TepMOCTaTupoBaHMe  b  a^hhom  TeMnepaTypHOM  MHTepBane) 
Ka4ecTB©HHbie  xapaKTepucTMKH  crpyKTypHbix  cocTaBn^JOLAMx  He 
M3MeHflK)TCfl. 

C  nOBblLiieHUeM  CKOpOCTM  0Xiia>KA6HHH  (103  °C/c  ...  105  °C/c), 
npM  yBenMMeHMM  nepeoxna^eHMa  pacnnaBa,  nojii43ApH4ecKne  3epHa 
CMeHflK)TCfl  AGHApHTaMH. 

B  MCcneAyeMOM  TeMnepaTypHOM  MHTepBane  pacnnaB 
xapaKTepn3yeTCH  ManoPi  cTeneHbio  MMKporeTeporeHHOCTM,  mto  no3BormT 
HOJiyMHTb  B  TBepAOM  COCTOflHWM  TOHKOAM(})Cf)epeH14MpOBaHHyK> 
SBTeKTMKy. 
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MEXAHM3M  H  KMHETHKA 

3BTEKTHHECK0I/I 

KPHCTA/1J1H3AMHH 

MECHANISM  AND  KINETICS  OF 
EUTECTIC  SOLIDIFICATION 


3Bie K IH K a  V 


FORMATION  OF  ORDERED  GAS-SOLID 
STRUCTURES  VIA  GAS  EUTECTIC  REACTION 

V.i  Shapovalov 

State  Metallurgical  Academy  of  Ukraine, 

Sandia  National  Laboratories,  Department  of  Energy,  USA 

Introduction 

Phase  diagrams  were  constructed  [1-4]  for  the  systems  Al-H,  Be- 
H,  Cr-H,  Cu-H,  Fe-H,  Mg-H,  Mn-H,  Mo-H,  Ni-H,  Ti-H,  W-H,  Fe-C-H 
displaying  gas  eutectic  equilibria  in  the  melting  range. 

Simultaneous  formation  of  solid  and  (hydrogen)  gas  from  the 
liquid  takes  place  in  M-H  alloys  having  gas-eutectic  compositions.  This 
reaction  was  named  gas  eutectic  reaction. 

An  ordered  combination  of  phases  termed  gasarite  may  arise  from  a  gas 
eutectic  reaction.  It  is  comprised  of  a  polycrystaliine  solid  matrix  and 
continuous  oriented  ellipsoidal  pores  filled  with  hydrogen. 

The  gasarite  forms  at  solidification  velocities  ranging  from  0.05  to 
5  mm/s.  its  morphological  characteristics  are  largely  determined  by  the 
hydrogen  content  and  the  gas  pressure  over  the  solidifying  melt. 

Short-range  order  of  pores  with  a  coordination  number  of  about  6 
is  observed  in  a  plane  normal  to  the  direction  of  solidification. 

The  pore  size  distribution  is  dependent  on  gasarite  formation 
conditions  and  is  nonuniform,  because  concurrent  growth  of  large  and 
small  pores  is  possible. 

As  the  solidification  front  advances,  the  average  pore  diameter  is 
increased  and  neighboring  pores  may  coalesce  now  and  again.  No 
branching  of  pores  ever  occurs. 

A  pore  may  have  periodic  necks  over  its  length. 
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Pore  growth  arrest  and  nucleation  of  new  pores  may  occur  all 
through  the  solidification. 

No  gasarite  pores  are  nucleated  on  the  mold  surface.  A  nonporous  metal 
skin  0.05-5  mm  thick  forms  first. 

The  principal  morphological  parameters  of  gasarite  are  the 
average  pore  diameter  cf,  the  average  pore  length  L,  the  average  pore 
aspect  ratio  g,  the  void  fraction  P,  and  the  pore  areal  density  n  defined  as 
pore  number  per  1  cm2  of  a  section  normal  to  pore  direction. 

These  characteristics  were  found  to  have  following  variation 

ranges: 


d 

L 

9 

P 

n 

10  p,m  to  10  mm 

100  jinn  to  30  cm 

1  to  300 

0.05  to  0.75 

Gasar  is  the  name  coined  for  a  material  whose  structure  includes  gasarite 
[1].  The  word  is  an  acronym  of  Russian  expression  meaning  "gas- 
reinforced." 

Diverse  pore  morphologies  and/or  alternating  porous  and 
nonporous  layers  can  be  produced  by  tailoring  the  process  variables, 
such  as  hydrogen  pressure,  inert  gas  pressure,  solidification  velocity  and 
pouring  temperature  [1,2,5],  Thus  the  pore  diameter  may  be  varied  over 
the  aforementioned  range  from  10  pm  to  10  mm  and  the  void  fraction 
from  5  to  75%. 

In  what  follows,  an  attempt  is  made  to  explain  mechanisms  of 
phase  nucleation  and  growth  in  gas  eutectic  reaction  on  the  basis  of 
experimental  data. 

2.  Pore  nucleation 

It  is  believed  that  nucleation  of  a  gaseous  phase  in  a  liquid  is 
heterogeneous,  i.e.  occurs  on  existing  discontinuities  in  the  liquid  bulk  or 
at  the  liquid/solid  interface  [6].  The  discontinuities  may  vary  in  nature,  like 
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•  gas  bubbles  entrained  from  the  atmosphere  during  melt 
pouring  or  stirring, 

•  bubbles  formed  in  passing  a  gas  through  the  melt, 

•  small  bubbles  caused  by  cavitation, 

•  small  pits  on  the  surface  of  high-melting  particles  suspended 
in  the  melt, 

•  small  pits  on  the  mold  walls, 

*  regions  where  the  liquid  does  not  contact  the  solidification  front. 

Following  explanation  of  pore  nucleation  in  gasarite  is  possible.  A 
nonporous  skin  forms  directly  after  pouring  the  melt  into  the  mold.  As  the 
skin  grows,  the  liquid  ahead  of  the  solidification  front  becomes 
increasingly  supersaturated  with  hydrogen.  Microscopic  pits  are  always 
present  on  the  surface  of  a  growing  solid  due  to  the  very  nature  of 
solidification.  A  pit  may  have  such  a  curvature  that  the  liquid  will  loose 
contact  with  the  solidification  front.  A  cavern  filled  with  hydrogen  and 
metal  vapor  will  form  here.  Should  the  cavern  size  be  greater  than  or 
equal  to  certain  critical  radius  R0,  a  hydrogen  bubble  capable  of  growth 
will  nucleate. 

The  radius  R0  can  be  estimated  assuming  that  the  surface  energy 
of  a  bubble  is  equal  to  its  bulk  energy, 

pV  =  aS  (1) 

P  =  Pcap  +  Phydr  +  Pch 

where  p  is  the  pressure  within  the  bubble,  pcap  the  capillary  pressure, 
phydr  the  hydrostatic  pressure,  pch  the  gas  pressure  in  the  chamber,  V  the 

bubble  volume,  a  the  average  of  the  specific  surface  energies  of  the 
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gas:liquid  and  the  gas:so!id  interface,  S  the  total  area  of  bubble  contact 
with  the  melt  and  the  solid. 

Assuming  a  spherical  bubble,  one  gets  from  (1) 

(4/3)7iR03p  =  4kR02g  (2) 

On  rearrangement, 

pR0  =  3a  (3) 

Hence  the  pressure  dependency  of  the  critical  radius  is 

R0  =  3  a/p  (4) 

Taking  into  account  that  the  bubble  is  not  spherical  and  the  specific 
surface  energies  are  different,  we  obtain 

Ro  =  (cjGlKl  +  aGS  Ks)/Kvp  (5) 

where  aGL  is  the  surface  energy  at  the  gas:liqiud  interface,  aGS  is  the 
surface  energy  at  the  gas:solid  interface,  KL  and  Ks  the  coefficients 
accounting  for  the  relative  areas  of  the  gas:!iquid  and  the  gas:solid 
interface,  Kv  the  proportionality  factor  used  in  the  equation  for  the  volume 
of  a  nonspherical  bubble,  V=  KWR03. 

It  is  seen  from  Eqs  (4)  and  (5)  that  increasing  the  pressure  will 
appreciably  reduce  Rq.  Thus  ever  smaller  discontinuities  at  the 
solidification  front  will  be  able  to  act  as  gaseous  phase  nuclei.  To  put  it 
differently,  increasing  p  will  increase  the  number  of  hydrogen  gas  nuclei. 
This  behavior  is  indeed  observed  in  reality.  The  gas  pressure  above  the 
solidifying  melt  is  the  major  parameter  that  determines  the  number  of 
pores  per  unit  area  in  a  plane  normal  to  the  growth  of  a  gasaritic 
structure. 

One  also  can  assume  that  the  bubbles  originate  on  high-melting  particles 
floating  in  the  melt  ahead  of  the  solidification  front.  The  bubbles  are  next 
engulfed  by  the  advancing  front  and  the  gas  eutectic  reaction  sets  in  [6]. 
Let  us  consider  this  case.  A  buoyancy  force  FA=  (4/3)71  R3d  (R  being  the 
bubble  radius,  d  the  specific  weight  of  the  liquid)  will  act  on  any  bubble, 
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inducing  it  to  rise  in  the  melt.  According  to  the  Stake's  law,  the  velocity  of 
the  bubble's  upward  motion 

v  =  2R2d/Qr\  (6) 

where  r\  is  the  coefficient  of  viscosity  of  the  liquid. 

Following  relationship  was  obtained  for  the  Cu-H  system  at  11 00  °C  (v 
in  centimeters  per  second): 

k=600 R2  (7) 

In  experiments  on  Cu-H  alloys,  the  gasarite  forms  in  the  solidification 
velocity  range  of  0.05  to  5  mm/s.  At  its  maximum  velocity  of  5  mm/s,  the 
solidification  front  thus  can  only  engulf  bubbles  up  to  100  jj,m  in  size. 
These  estimates  support  the  idea  of  Russell  et  al.  that  hydrogen  bubbles 
nucleation  may  take  place  ahead  of  the  solidification  front  [6]. 
Furthermore,  the  above  comments  about  the  influence  of  pressure  on 
nucleation  at  the  solidification  front  also  hold  for  the  nucleation  on 
suspended  particles. 

Two  mechanisms  of  gas  nucleation  in  gas  eutectic  reactions  have 
thus  been  suggested.  The  question  of  how  large  their  relative 
contributions  are  is  highly  important  for  scientific  and  practical  purposes. 
To  answer  it,  carefully  planned  experimentation  on  reasonably  pure  melts 
is  needed. 


3.  Gasarite  growth 

In  the  gasar  process,  solid  metal  precipitates  from  the  liquid 
simultaneously  with  gas.  No  decrease  in  pressure  is  necessary  for  this  to 
happen.  Moreover,  increasing  pressure  is  commonly  needed  to  produce 
an  ordered  structure. 

The  recent  suggestion  [7]  that  the  pore  growth  proceeds  through 
a  mechanism  described  earlier  [8,9]  cannot  be  accepted  either.  The  idea 
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was  that  the  advancing  solidification  front  "stretches"  gas  bubbles  already 
present  in  the  liquid. 

One  should  not  overlook,  however,  that  a  diameter  down  to  10  |n 
m  is  sufficient  for  a  bubble  to  rise  fast  enough  not  to  be  engulfed  by  the 
solidification  front.  Note  that  gasars  may  have  pores  10  mm  and  more  in 
diameter.  A  bubble  as  large  as  that  will  rise  very  rapidly,  at  about  100 
mm/s. 

One  should  also  keep  in  mind  that  a  crystalline  solid  grows 
concurrently  with  the  gas  in  any  gas  eutectic  reaction.  Yet  the 
experimentation  by  Kliia  and  Sokolova  [8]  involved  combinations  of  non¬ 
interacting  items  like  oil  drops  in  solidifying  boric  acid,  which  preclude 
diffusion  phenomena. 

Steady-state  growth  in  which  all  process  variables  are  constant 
should  result  in  a  structure  comprised  of  a  nonporous  matrix  containing 
regular  cylindrical  channelways.  In  this  situation  the  growth  of  the  solid 
and  the  gas  is  sustained  through  transverse  diffusion  of  hydrogen  ahead 
of  the  solidification  front.  This  process  is  possible  due  to  hydrogen 
concentration  gradients  developing  in  accordance  with  the  M-H  phase 
diagram,  Fig.  1. 


Figure  1 .  Hydrogen  concentration  distribution  in  a  liquid  ahead  of  the  gas 
eutectic  reaction  front  (left)  and  a  portion  of  metal-hydrogen  phase 
diagram  near  eutectic  point  (right). 
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Hydrogen  diffuses  in  the  liquid  along  the  solidification  front, 
providing  both  solidification  of  the  metal  and  growth  of  the  gas 
channelways. 

Hydrogen  diffusivity  in  metals  is  high  enough  to  allow  rather  long 
spacings  between  gas  channelway  axes  (up  to  10  mm),  so  diffusional 
self-adjustment  of  structure  hardly  plays  any  significant  part  in  gasars. 
For  this  reason,  it  is  not  supercooling,  but  rather  nucleation  conditions 
and  pressure  in  solidification  that  determine  structural  characteristics  of  a 
gasar  as  contrasted  to  a  solid-solid  eutectic. 

Even  under  constant  external  conditions,  however,  the  gasar 
structure  departs  from  ideal,  as  has  been  found  from  numerous 
experiments.  Growth  arrest,  coarsening,  nonuniform  size  and  irregular 
shape  of  pores  were  observed.  For  practical  purposes,  it  is  highly 
important  to  understand  these  phenomena. 

3.1.  Pore  growth  arrest 

Multiple  nucleation  of  the  gaseous  phase  at  the  solidification  front 
is  believed  to  be  among  the  causes  of  channelway  growth  arrest. 

Hydrogen  concentration  in  the  liquid  ahead  of  the  growing  gas- 
eutectic  colony  is  nonuniform,  see  Fig.  1.  The  supersaturation  with 
hydrogen  is  at  its  highest  at  points  lying  farthest  from  the  gas 
channelways  (Ci  in  Fig.  1).  When  an  active  gas-liberation  site  originates 
here,  it  will  attract  a  rapid  influx  of  hydrogen  that  may  be  followed  by 
emergence  of  a  new  pore.  Should  that  happen,  the  growth  of  neighboring 
pores  will  slow  down  or  stop. 

Another  cause  of  pore  growth  arrest  is  conceivably  a  unique 
mode  of  heat  removal  from  the  solidification  front.  In  formation  of  a  gas- 
solid  structure,  thermal  radiation  into  gas  channelways  can  contribute  to 
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transfer  of  heat  from  the  front  alongside  with  the  common  heat  transfer 
processes  observed  for  nonporous  alloys,  see  Fig  2. 

The  melt  above  a  bubble  becomes  thereby  supercooled,  and  a 
solid  dome  forms  above  the  bubble,  locally  terminating  the  growth  of 
gaseous  phase.  This  happens  only  when  the  gas  channelway  is  long 
enough.  The  amount  of  radiant  energy  absorbed  by  a  channelway  can  be 
written  as 

Q  =  E/4(To/7/)4  (i=1,2 . n) 

where  n  is  the  number  of  beam  reflection  events  in  a  pore,  A  the 
proportionality  factor  depending  on  the  channelway  wall  surface  texture, 
T0  the  temperature  of  emitting  melt,  T}  the  temperature  of  walls  at  the  /th 
reflection  point. 


Figure  2.  Schematic  description  of  melt  thermal  radiation  into  a  pore. 

The  number  of  reflection  events  n  is  inversely  proportional  to  the 
diameter  and  directly  proportional  to  the  length  of  the  channelway.  The 
minimum  surface  temperature  of  channelway  walls  (at  its  bottom) 
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declines  as  the  channelway  grows.  Therefore,  the  growth  arrest  is  to  be 
anticipated  for  channelways  with  a  certain  aspect  ratio.  This  conclusion  is 
generally  corroborated  by  experiment,  although  in  some  cases 
abnormally  long  or  short  pores  develop. 

Yet  another  cause  of  growth  arrest  is  constituted  by  gas  pressure 
decline  in  a  pore.  As  a  pore  grows,  the  average  temperature  T  of  the  gas 
contained  in  it  decreases,  so  the  hydrogen  pressure  will  be  diminished  in 
accordance  with  the  Boyle's  law 

p±(N/  V)kT  ^  - 

N  being  the  amount  of  gaseous  substance  in  the  pore,  V/ the  pore  volume, 
k  the  Boltzmann  constant. 

For  this  reason,  the  gas  growth  will  slow  down  and  the  liquid  at 
the  liquid:gas  interface  will  freeze.  This  is  confirmed  by  the  fact  that  at  the 
onset  of  gasar  formation,  when  the  temperature  gradient  is  high,  the 
pores  are  shorter  than  at  later  stages;  Notably,  .this  fact  also  favors  the 
two  preceding  hypotheses. 

All  three  mechanisms  are  believed  to  contribute  to  gas  growth 
arrest  in  varying  degrees. 


3.2.  Coarsening 

Two  ways  in  which  coarsening  may  develop  during  gas  eutectic 
growth  are  deemed  possible. 

(1)  As  mentioned  above,  a  pore  may  be  terminated  for  some 
reason.  A  new  pore  may  or  may  not  nucleate  next.  If  not,  the  neighboring 
pores  will  consume  the  hydrogen  that  otherwise  would  have  been  used 
for  continued  growth  of  the  extinct  pore.  In  consequence  of  this,  the 
diameters  of  the  neighboring  pores  will  increase  while  the  total  number  of 
pores  will  be  decreased,  Fig.  3a.  This  phenomenon  may  be  termed 
wedging.  It  is  observed  mainly  in  low-porosity  gasars  (up  to  30%). 
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(2)  At  higher  void  fractions  exceeding  40  %,  pore  coalescence 
becomes  prominent.  If  a  hexagonal  arrangement  of  pores  is  assumed, 
the  void  fraction  P  will  be  determined  by  the  pore  diameter  D  and  the 
ligament  thickness  x, 

P  =  V3irD2/6(D  +  x) 


(b| 

Figure  3.  Pore  coarsening  de  wedging  (a)  and  coalescence  (b). 

Clearly,  the  ore  spacing  is  relatively  small  at  void  fractions 
exceeding  40  %.  Hence,  the  appreciable  statistical  possibility  of  contact 
between  growing  pores,  Fig.  3b.  Following  a  contact,  the  tips  of  the  two 
pores  will  coalesce  to  form  a  wider  tip  advancing  to  continue  the  growth 
of  one  larger  pore  that  replaces  the  two  smaller  ones.  Repeated 
coalescence  is  possible  that  leads  to  progressive  coarsening  of  the 
structure.  This  mechanism  is  especially  important  for  M-H  systems  where 
hydrogen  solubility  differs  greatly  for  the  liquid  and  the  solid  metal  (M  = 
Fe  or  Ni). 
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3.3.  Changes  in  diameter  of  a  growing  pore 

These  phenomena  manifest  themselves  in  pores  having 
increasing  or  decreasing  diameter  or  a  wavy  wail  profile.  Some  flaring 
pores  may  result  from  wedging  (Fig.  3a),  while  massive  flaring  is 
associated  with  monotonously  decreasing  pressure  in  solidification. 

Flaring  pores  are  not  infrequently  observed  at  an  initial  stage  of  gasar 
growth,  directly  after  nucleation  of  first  pores. 

Some  tapered  pores  may  result  from  wedging,  Fig.  3a.  They 
appear  in  great  numbers  when  the  solidification  pressure  is  increased. 

Corrugated  pores  result  from  periodical  variation  of  gas  pressure 
above  the  solidifying  gasar.  The  wider  portions  of  a  pore  correspond  to 
lower,  and  the  narrower  portions  to  higher  pressures. 

Internal  pressure  fluctuations  within  a  pore  also  may  cause 
repeated  widening  and  narrowing.  They  take  place  when  the  volume  rate 
of  gas  formation  is  greater  than  that  of  the  solid.  The  tip  of  a  growing  pore 
in  this  situation  will  bulge  to  a  diameter  exceeding  that  of  the  channelway. 
A  bubble  is  eventually  detached  from  the  channelway  and  rises  to  the 
surface,  Fig.  4a.  This  cycle  may  be  repeated  many  times.  The  pressure  in 
the  pore  is  increased  as  the  bubble  expands  but  drops  once  the  bubble  is 
released.  The  increasing  internal  pressure  has  the  same  effect  as 
decreasing  the  pressure  above  the  melt.  Consequently,  the  pore  diameter 
will  increase  during  the  bubble  expansion  and  decrease  following  the 
bubble  release. 
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Figure  4.  Mechanism  of  widening  and  narrowing  of  a  growing  pore  (a) 
Pore  orientation  changes  caused  by  a  nonplanarity  of  the  solidification 
front  (b). 

3.4.  Pore  orientation 

The  growth  velocity  vector  is  always  normal  to  the  solidification  front  at 
the  pore  inititation  site.  Therefore,  any  misalignment  of  pores  is 
associated  with  local  nonplanar  areas  of  the  solidification  front,  Fig.  4b. 

4.  Major  conclusions 

1.  The  gaseous  phase  nucleation  in  formation  of  ordered  gas- 
solid  structures  may  occur  at  the  solidification  front  or  on  high-melting 
particles  suspended  in  the  liquid  ahead  of  the  front.  The  first  mechanism 
would  seem  more  viable. 

2.  The  critical  radius  of  bubble  nuclei  is  shown  to  hyperbolically 
decrease  with  pressure.  The  bubble  nucleation  rate  is  increased 
accordingly. 
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3.  Gasar  pore  formation  follows  a  mechanism  distinct  from  that  of 
evolution  of  gas  in  carbonated  beverages  or  bubbling  in  a  boiling  liquid. 
Furthermore,  the  ellipsoidal  pore  growth  cannot  be  ascribed  to  stretching 
of  gas  bubbles  by  the  advancing  solidification  front. 

4.  The  gasar  pore  growth  proceeds  by  hydrogen  transverse 
diffusion  ahead  of  the  solidification  front  and  concurrent  advancement  of 
the  solid  and  the  gaseous  phase  into  the  melt.  When  the  growth  rates  of 
the  two  phases  are  equal,  an  "ideal'’  structure  including  cylindrical 
channelways  in  a  nonporous  matrix  should  form. 

5.  Unlike  in  solid-solid  eutectics,  the  gasarite  pore  spacing  is 
determined  not  only  by  diffusional  self-adjustment.  Rather,  it  is  a  function 
of  the  nucleation  conditions  and  the  solidification  pressure. 

6.  A  pore  may  be  terminated  by  any  of  the  following  causes: 

•  nucleation  of  a  new  pore  in  a  space  between  the  growing 
pores, 

•  supplementary  removal  of  heat  from  the  bubble  tip  via  thermal 
radiation  into  the  channelway,  and 

•  pressure  reduction  in  the  pore  due  to  the  gas  average 
temperature  declining  as  the  pore  extends. 

7.  Pore  coarsening  in  growth  of  a  gas  eutectic  may  be  caused  by 
wedging  or  pore  coalescence.  Wedging  is  mainly  observed  at  low,  and 
coalescence  at  high  void  fractions. 

8.  Some  conical  pores  result  from  wedging  while  their  massive 
formation  is  due  to  pressure  changes  in  solidification. 

9.  Corrugated  pores  may  form  due  to  periodical  changes  of 
pressure  above  the  melt.  Similar  effects  are  caused  by  repeated 
detachment  of  bubbles  from  the  solidification  front. 
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10.  Pore  orientation  in  gasarite  is  determined  by  the  shape  of  the 

solidification  front,  because  the  growth  vector  direction  of  a  pore  is 

always  normal  to  the  front  at  its  location. 
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rA303BTEKTMMECK0E  nPEBPAUUEHME  B  CI1J1ABAX 
HA  OCHOBE  CHCTEMbl  >KEJ1E30  -  A30T 

A.B.  Pa6uHoeuH ,  r.H.  Tpesy6eHK0,  M.M.  Tapacbee 
HaMMOHanbHaa  MeTarmypruHecKaa  AKaASMMn  YKpaMHbi 
r.  flHenponeTpOBCK,  YKpanHa 

Oahmm  M3  HaM6o^ee  nepcneicrMBHbix  HanpaBJieHMM  b  3Hepro-  m 
pecypcoc6epe>KeHMM  npn  npon3BO,qcTBe  cjimtkob  cnoKOMHbix  cTanew 
aBJiaeTCfi  yMeHbiueHMe  ronoBHOM  o6pe3M.  CHM>KeHMe  totiobhom  o6pe3M 
He  MeHee,  neM  Ha  10  %  MOweT  ObiTb  AOCTMmyio  3a  cneT  bboas  b 
pacnnaB  a30Ta,  KOTopbiM  npM  KpMCTaxinM3anMM  BbiAenneTCH  b  bma© 
ny3bipeM  m  oOecneMMBaei  b  chokomhom  no  xMMMnecKOMy  cociaBy  CTanM 
CTpyKTypy,  xapaicrepHyK)  flrm  nonycnoKOMHoro  Meiamia.  npM  3tom 
ra303BTeKTMMecKoe  npeBpameHMe  OyfleT  npOMCxoAMTb  npM 
3aTBepfleBaHMM  pacnnaBa,  MMeiomero  coAepwaHMe  a30Ta  Bbirne  ero 
npeflenbHOM  pacTBOpMMOCTM  b  TBepAOM  MeTanoe,  n  Bbi3BaHO 
CHMM<eHMeM  a6cop6L\MOHHOM  cnocoOHOCTM  cnnaBa  npM  nepexo^e  M3 
>KMAKOrO  COCTOHHMH  b  TBepAoe. 

flnn  TepMOflMHaMMHecKoro  aHariM3a  ra303BTeKTMHecKoro 
npeBpaiAeHMH  b  cnnaBax  Ha  ocHOBe  CMCTeMbi  Fe  -  N  npM  AaBoeHMnx 
a30Ta,  He  Bb!3blBaK)mMX  OTKnOHeHMM  OT  3aKOHa  CMBepTCa,  MO>KHO 
Mcno/ib30BaTb  cjieAyjomee  ypaBHeHMe  [1]: 

u  1-[N]t,  ah 

1-[N]*  R 

rfle  [N]tb  m  [N]*  -  coflep>KaHMe  a30Ta  b  TBepflOM  m  >kmakom  Meiarme,  %  ; 
Ah  -  CKpbiTan  TennoTa  nnaBJieHMn  Meiaxina,  fl>K/Monb;  R  --  yHMBepcarib- 

Han  ra30Ban  nocTOHHHan,  8,31  A >K/(Monb*K);  Tr.3  -  TeMnepaiypa 
ra303BTeKTMHecKoro  paBHOBecnn,  K;  TKp-  TeMnepaiypa  KpMCTawiM3ai4MM 
Meiarma.  K. 
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fln«  pacMeTa  no  ypaBHeHMfO  (1)  Heo6xo,qMMO  3HaTb 
TeMnepaTypH0-6apMHecKne  3aBncnM0CTM  pacTBopMMOcrn  aaoia  b 
TBepflblX  M  >KMflKMX  MHOTOKOMnOHeHTHblX  CMCTeMax,  OnMCblBaiOlUMX 
BbicoKoa30TMCTbie  CTajin.  PacTBOpuMOCTb  a30Ta  b  >kmakom  MeTanne 
mo>kho  paccHMTbiBaTb  no  ypaBHeHMK)  [2]: 


r^e  Pn2  “  flaBneHMe  a30Ta,  11a;  -  napaMeipbi  B3aMMo- 

f\ev\ CT^nn  a30T  -  nernpyiOLHMH  aneMeHT  nepBoro  m  BToporo  nopnflKOB 
npn  TeMnepaType  2073K;  [R]  -  coflepMOHne  nernpyjoinero  aneweHTa  b 
cnnaBe,  %. 

flaHHbie  no  pacTBOpMMocTn  a30Ta  b  TBepflbix 
MHOrOKOMHOHeHTHblX  CMCTeM3X  Ha  OCHOBe  >Kene3a  npH  BbICOKHX 
TeMnepaTypax  BecbMa  orpaHMHeHbi.  IloaTOMy  flna  onpe^eneHHH 
nonoKenm  nmm  conuflyc  Ha  flwarpaMMe  coctohhm*  Fe-N-Rj,  HaM m 
npoBefleHbi  SKcnepMMeHTbi  no  M3yH6HMK)  TepMOflMHaMHHecKMx 
3aK0H0MepH0CTew  B3anMOfleMCTBnn  a30Ta  c  iiinpoKHM  KpyroM 
oco6oHH3KoymepoflMCTbix  aycTeHWTHbix  m  c^eppMTHbix  cra/ien  npn 
1473-1623K  h  napi4naxibHOM  flaBneHHH  a30Ta  10  -  101  Klla. 
Pe3ynbTaTbi  otmx  nccneflOBaHMM  no3Bonmin  nonysmb  cneflyfomne 
ypaBHeHHn: 


1  380 

s2lgJD"*  +'y'-4’395- 


386J2  (  625  6  > 

~~  +  0,l539j[O]-  [-  -f-  +  0,2447j[F]  - 


-  ~r  +  0,00238)[M«]  -  (jy-  -  0,0056^j[M]  -  +  0,044j[M>]  ~ 

10,72  ^  '  ( 0,493  V  „  (e\  \ 

~y-0,mS4j{Cr}2  —  -  0,000208 J[A/«]2  -^y-0,000325j[C>][A/«] 


+  0,000104  [CV][M] 


+  0,001166  \[Mri\[Ni\ 
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lg[A^-„.  =|lg PK,  - ~~p~ - 3^4  —  — ~r + 0,054 1 6j  [  O  ]  -  ^-  -jr + 03047 j [V]- 

_(_^+o,o337)[M0]-(^-°>022)[Cr]2 

BBOfl  B  COCTaB  HM3KOJiempOBaHHblX  BblC0K0a30TMCTblX  CTaneM 

cmibHbix  HMTpMflOo6pa3yK3LMnx  aneMeHTOB  (Ti,  Al,  V,  Nb)  n03B0JiaeT 
3HaMMTenbHO  ynyMiiiMTb  cBOMCTBa  roTOBoro  npOKaia.  Kan  noK33biBaeT 
TepMOflMHaMMHeCKMM  ananH3,  npM  oOblHHblX  COflep>KaHMflX  3TMX 
ajieMeHTOB  b  MeTanne  npw  TeMnepaType  ra303BT6KTMKM  MoryT 
CyL14eCTBOBaTb  TOJlbKO  HMTpMflbl  TMTaHa.  npMHMMaa  BO  BHMMaHMe,  HTO 
npn  onTMManbHbix  coflep>t<aHMflx  TmaHa  b  BbicoKoa30TncTbix  crranflx 
(<  0,05  Mac.%),  oh  npaKTMHecKM  nonHOCTbK)  HaxoflHTca  b  HMTpMfle  m 
yHMTbiBafl  CTexMOMeTpMHecKoe  cooTHomeHMe  aneMeHTOB  b  TiN  ,  mo>kho 
3anncaTb: 

[N]',II;CT  =  [N]"_3  +  0,29[Ti]  ,  (5) 

rae  [N]pigCT  h  [N]pl3  -  ra303BTeKT4MecKaa  KOHqeHTpaqufl  a30Ta  b 

TMTaHCOAep>KaLJ4MX  M  oObNHbIX  CTanflX  COOTBeTCTBeHHO,  %. 

TaKMM  o6pa30M,  Ha  ocHOBaHMM  Bbipa>KeH m  (1)...(5)  mo>kho 
paccHMTbiBaTb  napaMeTpbi,  xapaicrepn3yK)Li4Me  ra303BTeKnmeci<oe 
npeBpau^eHMe  b  crmaBax  Ha  ocHOBe  CHCTeMbi  >Kene30  -  a30T. 
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MODELING  OF  THE  STRUCTURE  CHANGES  IN  EUTECTIC  GRAIN 
OF  DUCTILE  IRON 

E.  Fra$,  W.  Kapturkiewicz,  A.  A.  Burbe!koa),  H.F.  Lopez  b) 

a) University  of  Mining  and  Metallurgy,  Reymonta  23,  30-059 
Krakow,  Poland 

b) University  of  Wisconsin-Milwaukee,  PO  Box  784  Milwaukee,  Wl  53201 , 
USA 


A  model  of  the  process  and  a  simulation  program  were 
developed  to  trace  the  cooling  of  a  nodular  graphite  iron  casting  from  the 
beginning  of  solidification  till  the  ambient  temperature.  The  model 
considers  the  nucleation  and  growth  of  eutectic  grains,  the  heat  transfer 
and  mass  diffusion  equations.  The  kinetics  of  graphite  and  ferrite  growth 
controlled  by  carbon  diffusion  under  the  conditions  prevailing  at  the 
respective  interfaces  was  taken  into  consideration.  The  possibility  of 
pearlite  precipitation  was  assumed  using  a  relationship  of  Avrami  type, 
based  on  the  general  empirical  data.  The  developed  simulation  program 
enables  determination  of  the  kinetics  of  growth  of  graphite,  austenite, 
ferrite  and  possibly  also  pearlite  on  the  casting  cross-section  as  well  as 
grain  density  related  to  boundary  conditions  of  the  casting  cooling.  The 
computed  values  of  the  temperature  of  a  plate  casting  poured  in  sand 
mold,  of  the  volume  fraction  of  graphite,  ferrite  and  pearlite,  and  of  the 
grain  density  on  the  casting  cross-section  were  compared  with  the 
experimental  results.  A  simulation  program  was  developed  and  the 
results  of  computer  simulation  were  compared  with  the  experimental 
results  obtained  for  a  plate  casting  made  from  nodular  graphite  cast  iron. 

In  Fig.  1  the  kinetics  of  growth  of  the  individual  phases  is  shown.  A  very 
distinct  difference  in  final  phase  volume  fraction  on  the  casting  cross- 
section,  especially  as  regards  pearlite  and  ferrite,  is  visible.  The  informa- 


©Eutectica-V 


107 


3BTeKTMKa  V 


tion  of  the  kinetics  of  graphite  growth  is  given  in  Fig.  2.  Three  typical  pe¬ 
riods  are  distinguished:  A  -  B  -  solidification,  B  -  C  -  graphite  growth  from 
austenite,  C  -  D  -  eutectoid  transformation. 

Fig.  3  shows  the  distribution  of  volume  fractions  of  the  individual  phases 
combined  with  increasing  grain  density  on  casting  cross-section.  A  ten¬ 
dency  towards  the  increasing  ferrite  volume  with  respective  decrease  in 
pearlite  volume  at  the  casting  surface  is  observed,  while  the  volume  of 
graphite  remains  practically  stable.  A  change  in  the  dimension  of  graphite 
nodules  is  visible  in  Fig.  4.  A  decrease  in  graphite  radius  at  the  casting 
surface  combined  with  increasing  grain  density  is  observed.  The  points  in 
Figures  3  and  4  mark  the  values  that  obtained  in  an  experiment  referred 
to  volume  fractions  of  each  phase  and  grain  density. 


Figure  1 :  Kinetics  of  growth  of  the  Figure  2:  Kinetics  of  graphite  volume 

volume  fractions  of  graphite,  ferrite  fraction  growth 

and  pearlite  in  the  plate  casting 

(line  1;  middle,  10:  surface  of  casting) 


108 


©Eutectica-V 


Volume  fraction 


SBTeKTMKa  V 


Figure  3:  Distribution  of  volume 
fractions  of  ferrite,  pearlite  and 
graphite  on  casting  cross-section 


Figure  4:  Distribution  of  graphite  and 
ferrite  radii  and  eutectic  grain 
densities  on  casting  cross-section 


A  computed  change  of  concentration  of  carbon  in  ferrite  and 
austenite  in  a  grain  in  the  middle  of  casting  is  visible  in  Fig.  5.  The 
significant  and  changeable  gradient  of  concentration  is  observed  in  the 
austenite  shell  during  its  decreasing  in  time. 

The  structure  of  an  experimental  casting  is  shown  in  Fig.  6a, b. 
On  the  casting  border  (a)  the  grains  are  observed  to  be  finer  and  the  vol¬ 
ume  fraction  of  ferrite  is  greater  compared  with  areas  in  the  casting  inte¬ 
rior  (b). 
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Grain  density,  1/ccm 


ACKNOWLEDGMENT:  This  work  was  carried  out  under  University  of 
Mining  and  Metallurgy  project  No.  11.11.170.71 
©E.  Fras,  W.  Kaptufkiewicz,  A.A.  Burbelko,  H.F.  Lopez,  2000. 


SBTeKTMKa  V 


MOflEJIMPOBAHME  KPMCTAJlJlM3AL|tfM  M 
MMKPOCTPyKTYPbl  OTJ1HBOK 

A. A.  Bypdemo 

r opHO-MeTajinypruMecKaa  aKafleMna 
r.KpaKOB,  nojibiua 

npomo3npoBaHvie  MMKpocrpyKTypbi  jimeMHbix  cnnaBOB  b 
omMBKax  M3flaBHa  9\ BJi^eTC^  qe/ibfo  uccneflOBaTenew.  TpaflmjMOHHbikt 
noflxofl  syryHOB,  HanpuMep,  aaicnfonaeTCH  b  pa3pa6oTKe 

3MnnpMMecKnx  HOMorpaMM,  KOTOpbie  Ha  ocHOBaHHM  noKa3aiejieM  xmmm- 
necKoro  cocTaBa  m  napaMeTpoB  oxna^eHMfl,  no3BonHK)T  OMeHMTb 
CTpyKTypy,  a  MHorfla  m  MexaHMnecKwe  CBOMCTBa  MaTepwaxiOB  [1], 

Pa3BHTne  MaTeMamHecKoro  MOflennpoBaHi4H  m  HMcneHHbix 
MeTOAOB  peiueHHJi  c  Mcnonb30BaHMeM  3BM  no3BOji5ieT  ceroAHH 
nonb30BaibC«  AByMfl  MeTOflaMH  MOAennpoBaHHfi  MHKpocTpyKTypbi: 
TexHMKOM  K/ieTOHHoro  aBTOMaia  (cellular  automata)  [2,3]  u  TexHHKow 
nocTnpoqeccuHra  [4,5,6], 

OSlAMM  AAfl  MaTeMaTMHeCKMX  MeTOflOB  HBJl^eTCf!  COBMeCTHOe 
MOfle/iMpoBaHHe  npoqeccoB  Termonepeflami  b  MacLUTa6e  waKpo  (aha 
CMCTeMbi  Meiann  -  cpopMa)  m  cf>a30Bbix  npeBpameHHM  b  cnnaBe  Ha 
ypoBHe  MMKpo  (Ha  ypoBHe  3epeH  CTpyKTypHbix  cocTaBJiatoiAMx).  C  stow 
AejibK)  ncnonb3yeTCa  ypaBHeHiia  TeruionpoBOAHOCTM  c  MCTOHHWKOBbiM 
HJieHOM:  •  ,v 

^  =  a.V2T+*L  (D 
ox  cv 

rAe:  T  -  TeMnepaTypa,  x  -  BpeMH,  a  -  KOscpcpmjHeHT  TeMnepaiyponpo- 
boahoctm,  qs  -  CKopocTb  BbiAeneHMfl  TennoTbi  cf>a30Bbix  npeBpaiqeHMM, 
Cv  -  o6-beMHafl  yAenbHaa  TermoeMKOCTb. 

B  MOAerifix,  ncnonb3yK)U4MX  anropwM  icneTOHHoro  aBTOMaTa,  b  npo- 
CTpaHCTBe,  B  KOTOPOM  pacrryT  3epHa,  crpOHTCJi  perynapHaa  KySHHecKan 
ceTKa.  BeriMHviHa  anervieHTOB  ceTKw  AO.n>KHa  6biTb  3HaHMTenbHO  MeHbUje 
pa3MepOB  3epeH.  Kax<AbiM  m3  stmx  sneMem-apHbix  o&beMOB  b  MOAejiM 
M0>K6T  npeSbIBaTb  B  >KMAK0M,  TBepAO>KMAKOM  MJ1M  TBepAOM  COCTOflHMW.  Hx 

nepexoA  M3  >KMAKoro  coctohhmh  b  TBepAoe  paccHmbiBaeTca  Ha  ocHOBaHHM 
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cf)M3MHeCKMX  38K0H0B  3apO>KAeHMA  M  pOCTa.  Ka>KflOe  3epH0  TBepAOM  Ct>a3bf 
"CTpOMTCfl"  M3  KySMKOB  3neMeHTapH0M  CeTKM,  B  Ka>KAblM  KyGMK,  B  KOTOpOM 
y>Ke  noflBMnacb  TBepAan  <J)a3a,  npMnMCbiBaeTCH  k  oflHOMy  m  TO/ibKo  OAHOMy 
m3  3epeH.  Ckopoctm  3apo>KqeHMfl  m  pocra  CBfl3aHbi  c  noneM  TeMnepaTypbi  m 
cj)M3MMecKMMM  CBOMCTBaMM  pacnnaBa.  BbiAeneHMe  TennoTbi  cpa30Bbix 
npeBpameHMM  (qs)  b  cbok)  onepeAb  B03A©MCTByeT  Ha  none  TeMnepaTypbi. 
Bbi6op  AociaTOHHo  MexiKOM  ceTKM  no3BOAHeT  ycneniHO  MOAennpoBaTb  <pop- 
My  A^HApMTOB  m  CTpyKrypy  30Hbi  cronGnaTOM  KpMcrannn3aqMM.  OAHaKO  Ann 
paGoTbi  anropMTMa  KneTOHHoro  aBTOMaTa  HeoGxoAMM  GonbuuoM  oGiaeM 
naMHTM  M  BbICOKan  BblHMCAMTeribHafl  MOLAHOCTb  3BM,  TaK  KaK  KOJlMHeCTBO 
aneMeHTOB  ceTKM  b  TMnMHHbix  3aAanax  cocraBnneT  npMMepHO  1 07  —  1 08  [2]. 

B  anropMTMe  nocrnpoMeccMHra  3aAana  a^htch  Ha  Aea  3Tana.  Ha 
nepBOM  3Tane  MOAenwpyeTcn  (TaioKe  b  MacLurraGe  MMKpo-MaKpo)  nyTb  Kpn- 
CTariJiM3aL|MM.  PaccHMTbiBaK)Tc?!  M3MeHeHMfl  non*  TeMnepaTypbi,  napaMeT- 
poB  cocro^HMfi  >kmakom  (pa3b\  m  napaMeTpoB  MMKpocTpyicrypbi.  OG-beM 
TBepAQM  dp&3b\  paccMMTbiBaeTCH  npM  noMomM  ypaBHeHMH  KonMoropoBa  [7]: 

Vs  =  l-  exp(-Q)  (2) 


rAe  Cl  -  TaK  Ha3bmaeMbiM  "npoAonweHHbiM"  oG-beM  3epeH,  paccMMTbiBa- 
eMbiM,  HanpMMep,  Ann  ccf>epMHecKMX  3epeH  no  cneAyioineM  cfropMyne: 

V 


Q  =  f;rja(/  )  J«(r)dr 


dt  (3) 


TAe  a  -  BepOHTHOCTb  06pa30BaHMH  3apOAblLUa,  t'  -  BpeMH  33pO>KA6HMH,  u 
-  AMHeMHan  CKOpOCTb  pOCTa.  BeAMHMHbl  a  M  U  paCCHMTbIBaiOTCn  Ha  OCHO- 
B3HMM  Cf)M3MHeCKMX  33KOHOB  33pO>KA6HMH  M  pOCTa. 

CMcreMa,  BKmoHatOLAan  ypaBHeHMH  (1)— (3),  a  TaioKe  ypaBHeHM* 
Cj)M3MHeCKMX  33K0H0B  33pO)KA6HMH  M  pOCTa,  peiAaeTCH  BblGpaHHblM  pa3HOCT- 
HbiM  MeTOAOM  Ha  ceTKe.  Pa3Mep  aneMeHTa  ceTKM  b  ashhom  anropMTMe  f\on- 
>KeH  GbiTb  b  HecKoribKO  pa3  Gonbiue,  neM  BenMHMHa  3epHa,  noaTOMy  KonMne- 
ctbo  sneMeHTOB  ceTKM  b  TMnMHHbix  3aAanax  cocTaBnneT  npMMepHO  10  . 

Ha  BTopoM  3Tane  MOAenMpoBaHMn  AaHHbie,  nonyneHHbie  Ha  nepBOM  3Tane, 
Mcnonb3yK)Tcn  nnn  nocrpoeHMfi  M3o6pa>KeHMfl  crpyicrypbi.  Cnoco6  TaKoro 
nocTpoeHMn  onMcaH  b  paGoTe  [4]. 
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npMMep  MOfleilMpOBaHMfl 
CTpyKTypbi  rpaHMLj 
3BTeKTMHeCKMX  3epeH  B  4eHTpe 
MHnMHflpuHecKOM  nyryHHOM 
OTflMBKM  0  30  MM  B  >KMflKO- 
TBepflOM  (a-c)  m  TBepflOM  (d) 
COCTOflHMM,  X  25: 
a  -  25  %  TBepflOM  <$a3bi,  105  c; 
b  -  50  %  TBepflOM  4)a3bi,  118  c; 
c  -  75  %  TBepflOM  cpa3bi,  123  c. 


c  d 
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0BPA30BAHME  METACTABMJlbHblX  OA3  B  Cn/IABAX 
SBTEKTMMECKOrO  COCTABA  CMCTEM  Pb-Te,  Sn-Te  nPH 
CBEPXBbICOKMX  (10s  -  10s  K/C)  CKOPOCTBX  OXJIAJKAEHHB 
PACrUlABOB 

B.M.  rna3oe,  K.5.  nonpKoe 

MOCKOBCKMM  MHCTMTyT  3fieKTpOHHOM  TeXHMKM 

(TeXHMHeCKMM  yHMBepCMTeT),  MOCKBa,  Poccnn 

HacTonLAan  paboTa  nocBmueHa  wccneAOBaHMK)  CTpyiaypHbix 
oco6eHHOCTei4  cnnaBOB  nonynpOBOAHMKOBbix  cncieM  Pb-Te,  Sn-Te  , 
nonyneHHbix  npn  CBepxBbicoKnx  (1 06  -  108  K/c)  CKopocmx  oxna>KfleHna 
pacnnaBOB.  UccneflOBaHmo  6binu  noABepmyTbi  cnnaBbi  b 
KOHqeHTpaLiMOHHOM  Auana30He  ot  10  po  95  aT.%  Te  .  OcobeHHO 
noApobHO  MCcneAOBaHa  CTpytcrypa  cnnaBOB  OKonoaBTeKTunecKoro  (co 
CTopoHbi  Tejinypa)  cociaBa.  Obpa3i4bi  6biCTpooxna>KAeHHb!x  cnnaBOB  , 
nonyneHHbie  b  bma©  nneHOHHbix  cpparMemoB,  tojilamhom  ot  2  po  20 
mkm,  npuroTaBJiMBanMCb  c  ncnonb30BaHweM  AByx  MeTOAwc 
cxnonbiBaHMfl  Kannw  pacnnaBa  Me>KAy  AByMn  ABw>KyLMWMHCfl  bo 
BCTpeHHOM  HanpaBJieHMM  Ten/IOOTBOA^LAMMU  UJTOKaMM  M  pa3Ma3blBaHMfl 
Kannn  pacnnaBa  Ha  BHyTpeHHeM  noBepxHOCTM  SbiCTpOBpamaiomerocfl 
MeAHoro  AWiMHApa. 

PeHTreHOCTpyKTypHbiM  aHann3  6bicTpooxna>KAeHHbix  cnnaBOB 
npOBOAnnn  Ha  A^cppaKTOMeTpe  D-501  «Siemens»  c  ncnonb30BaHneM 
CuKa-M3JiyHeHHH.  A™  MCcneAOBaHMn  OT6npann  nneHKM 
npn6nn3HTenbH0  OAHHaKOBOM  ToniAMHbi.  3to  no3BonneT  AonycTMTb,  hto 
ohh  oxna>KAanncb  c  npn6nn3HTenbHo  OAMHaKOBOH  CKOpocTbJO. 

Ann  OAeHKM  bo3MO>khocth  npoTeKaHHn  6e3Anct>({3y3MOHHOki 
KpncTannn3aAMVi  cnnaBOB  c  Mcnonb30BaHMeM  MOAenw  cy6perynnpHoro 
pacTBopa  npOBeAeH  pacneT  nono>KeHnn  nmm  T0(x)  -  paBHbix  3HaneHMi4 
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3  B  TeKTMK-3  V 


CBo6oflHOM  3Heprnn  I"n66ca  TBepflOM  m  >KMflKOM  cpa3,  Ha  flwarpaMMax 
Cf)a30BblX  paBHOBeCMH  3THX  CMCTeM. 

YcTaHOBneH  30c})eKT  cymecTBeHHoro  pacuiiipeHMfl  rpaHmjbi 
paCTBOpHMOCTM  CBMHL|a  M  OJlOBa  B  TeJlfiype,  HTO  CBH3aHO  C  npOTeKaHMeM 
6e3flMC|)Ct>y3MOHHOH  KpMCTaJirm3ai4MM  B  COOTBeTCTByiOLAHX  flJlH  Ka>KflOM 
CHCTeMbl  KOHl4eHTpai4MOHHblX  AMana30HaX.  3T0T  3Cf>Cf)eKT  nOilHOCTbK) 
comacyeTca  c  nonoweHMeM  BbiHwcneHHOM  jimhhm  T0(x).  Haw6ojiee 

Bbipa3HT6JlbHO  CTpyKTypHbie  3CpC})eKTbl,  CBH3aHHbie  CO  CBepXBbICOKMMM 
CKOpOCTHMM  OXJia^eHMfl,  npOflBfmfOTCfl  B  06naCTM  3BTeKTM4eCK0r0 
cocTaBa  (80-86  aT.%  Te  ).  CBepxSbiCTpoe  oxna>^qeHMe  pacnnaBOB  sthx 
cocTaBOB  npHBOflMT  k  cjDopMiipoBaHmo  0flH0c()a3Hbix  MarepwanoB  c 
OAHHM  M  TeM  >Ke  TMflOM  KpMCTaJlJlMHeCKOM  CTpyiCTypb!  -Cf>a3bl).  flnH 

Ka>KAOH  CMCTeMbi  npoBefleHa  MAeHTMcjDHKai^Mfi  stom  hobom 

MeTacTa6MJibHoPi  cf>a3bi. 

npM  3aKanKe  pacnnaBOB  co  3HaHMTenbHO  6onee  BbicoKMx 
HananbHbix  TeMnepaTyp  HaOnKDflaeTca  o0pa3OBaHne 

CTeKnoKpHCTaniiMHecKoro  Maiepwana.  rionyHeHHbie  AHcfDpaKLjMOHHbie 
KapTMHbl  CO  BCeil  OHeBMAHOCTbK)  A^MOHCTpHpytOT  BJIMfiHMe 
CBepxBbfCOKwx  CKopocTew  oxna>KAeHMH  Ha  npoi4ecc  cpa3oo6pa30BaHMH  w 
3HaHMTe/ibHyK)  pojib  npeABapmenbHoro  neperpeBa  pacnnaBOB. 
noKa3aHa  CBH3b  bjim^hhp  TeMnepaTypbi  npeABapiiTenbHoro  neperpeBa 
pacrmaBa  c  BenMHMHoii  ero  nepeoxna>KAeHnn. 

©B.M.  r na3oe,  K.E.  floppHoe,  2000r. 
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MOPOOnO r\AX  1/1  MEXAHH3Mbl  POCTA  KPMCTATIJIOB 
KPEMH1451  B  BblCOKOKPEMHUCTOM 
3J1EKTPOTEPMMMECKOM  CIUTABE  AL-SI 

H. C.PoMaHoea 

rocyflapcTBeHHafl  MeTannypmHecKaa  AKafleMna  YKpaviHbi 
r.flHenponeTpoBCK,  YKpaiiHa 

Investigated  objects  were  massive  ingots  and  granules  that 
were  got  from  Al  -  35%  Si  electrothermal  alloy  produced  by 
Zaporozhe  aluminum  plant.  Considerable  voluminous  part  of 
primary  silicon  crystallized  by  forming  H  -  shape  plates. 
Morphological  analyses  was  revealed  existing  of  the  three  kinds  of 
H  - shape  silicon  crystals.  It  was  designed  models  of  those  crystals 
using  electronic-graphic  and  stereomorphological  analysis  of  the 
data.  All  kinds  of  H  -  shape  crystal  were  considered  as  different 
types  of  band  crystals  those  have  a  diamond-type  crystal  lattice.  A 
growth  mechanism  is  being  discussed. 

3a3BTeKTMMeCKne  cnnaBbi  CMCTeMbi  Al-Si  (cmiyMMHbi)  c 
coflepwaHHeM  KpeMHMfl  35-40%  OTHOCsiTCfl  k  Kaieropnn 

M3HOCOCTOMKMX  Vi  TepMMHeCKW  CTaOlUlbHblX  MaTepMaJlOB  C  HM3KHM 
yAenbHbiM  BecoM.  B  HacToamee  BpeMfl  HaOnjoflaeTca  TeHAeHMMa 
V1Cn0/lb30BaTb  CMJiyMMHbl  C  BblCOKMM  COA©P>KaHMeM  KpeMHMB  J\r\9\ 
npon3BOACTBa  nopLUHevi  TflwenoHarpyweHHbix  cpopcwpoBaHHbix 
AM3eneM.  Ilpvi  coAepwaHMM  KpeMHMB  35-40%  mx  M3HOCOCTOMKOCTb  b 

I,  5-2,0  pa3a  Bbime,  neM  y  BbicoKonerwpoBaHHHbix  aycTeHUTHbix 

nyryHOB  Tuna  HMpe3MCT,  a  KoacJxpmjvieHT  nvmePiHoro  pacLuvipeHMfl 
AOCTuraeT  BemiHMHbi  nopaAKa  ao-300  -  13,1  -  14,5x1 06  ijc^l]. 

flpvmeM  c  pocTOM  coAepwaHMH  KpeMHM*  noBbiiuaeTCfl  KaK 
TepMHHecKa^  CTaOvinbHOCTb  ciinaBa,  Tax  m  ero  M3HOcocTOviKOCTb,  a 
yAenbHbm  Bee  naAaeT.  flpn  KpMCTajinM3aL4MM  ramx  rnyOoKO 
3a3BTeKTvmecKnx  cmiyMUHOB  o6i>eMHa«  aojih  nepBUHHbix 
KpMCTannoB  KpeMHMfl  AOCTwraeT  30%,  mto  Hevt36e>KHO  npHBOAMT  k 
pe3KOMy  oxpynnviBaHMK)  cnnaBa.  noBbiiueHne  yAapHOM  bh3koctm  m 
TpeLMMHOCTOMKOCTM  6e3  CHVttKeHMfl  oOl^eMHOM  AOim  nepBMHHbix 
KpucTan/ioB  KpeMHMB  b  cnnaBe  bo3mo>kho  3a  cneT  eapbupoBaHMa 
ero  cTpyKTypHbiMM  napaMeipaMM,  b  MacTHocTU  Mopcfronoraeii  m 
AMCnepCHOCTbK).  B  CBH3M  C  3TMM  aKTya/lbHbl  UCCJieAOBaHMB 
Mopc()onormi  w  MexaHM3MOB  pocia  nepBUHHbix  KpucTan/ioB 
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3BTeKTMK3  V 


KpeMHMH  B  BbICOKOKpeMHMCTbIX  CMJiyMMHaX  npM  pa3J!MHHblX 
yCJlOBMflX  KpMCTaJinM3aL|MM  M,  B  MaCTHOCTM,  npM  pa3flMHHblX 
CKOpocTfix  oxria>KfleHMa. 

OSteKTOM  MCcneflOBaHMfl  cny>KmiM  MaccuBHbie  cjimtkm  m 
rpaHynbi,  nonyneHHbie  H3  aneKipoiepMunecKoro  cnnaBa  AI-35%Si 
npon3BOACTBa  3anopo>KCKoro  aniOMHHneBoro  KOM6nHaia.  CnnaB 
nonynann  MeTOflOM  npHMoro  BoccTaHOBneHMn  m  okcmahom  luuxtu 
b  pyflOBOCCTaHOBMTenbHbix  aneKTpOAyrOBbix  nenax  OKE-6012 
MOLqHOCTbK)  22,5  MBA,  CnnaB  coAepxon  TexHonornnecKne  n 
npnpOAHbie  npiiMecHbie  KOMnoHeHTbi  Fe,  Ti,  Cu,  Ni,  n  Cr  o6Lnan 
cyMMa  KOTOpbix  He  npeBbiuiana  7%.  TexHonornn  rpaHynnpOBaHMn  c 
qeHTpo6e>KHbfM  pacnbineHMeM  pacnnaBa  b  BOAy  no3BonneT 
npOBecm  KpncTannn3at4HK)  cnnaBa  co  ckopocthmm  oxna>KAeHHfl 
nopnAKa  103-104  K/c.  [1] 

CTpyicrypa  MacciiBHoro  cnMTKa  n  rpaHyn  nccneAyeMoro 
cnnaBa  npeAdaBneHbi  Ha  pnc.1.  riepBMHHbin  KpeMHnn  b 
MaccMBHbix  omnBKax  (nyujKax)  KpncTannn3yeTcn  b  bhao  wmpokmx 
H-o6pa3Hbix  nnacTMH,  a  3BTeKTMHecKnn  KpeMHMM  bxoaht  b  cociaB 
MHOrO(t>a3HOM  TOHKO  Anc}xt>epeHi4MpoBaHHOH  3BTeKTMKH.  UlMpMHa 
nnacTMH  KoneSneTcn  b  npeAenax  20-40  mkm,  a  Rnma  cocTaBnneT 
ot  200  ao  400  MKM. 


a  6 


Pnc.1 .  MHKpocTpyKrypa  cno>KHonerMpoBaHHoro 
3a3BTeKTMHecKoro  cwnyMHHa  a)  HyuiKOBbfM  cnnaB,  x200  ; 
6)  rpaHynnpoBaHHbiM  cnnaB,  x200. 


©Eutectica-V 


117 


3BTeKTMK3  V 


MHKpocTpyicrypa  rpanyn  npeflCTaBJieHa  Ha  pwc.16. 
Ha6nK)flaK)Tcn  aHanorMHHbie  rmacTMHHaTbie  H-o6pa3Hbie 
KpMCTannbi,  TOJibKO  6onee  MenKOflucnepcHbie. 

OnMCbiBaa  MOpc^OiiomnecKMe  oco6eHHOCTM  H-o6pa3Hbix 
KpMCTanJlOB  KpeMHHH,  MO>KHO  BblAeilMTb  TPM  pa3HOBHflHOCTM, 
KOTopbie  npeACTaBneHbi  Ha  pnc.2  b  BMfle  MMKpocTpyicryp  m  cxeM. 
3to  AByTaBpOBbie  KpMCTannbi  c  kocom  nepeMbMKOM  Me>Kfly 
nnacTMHaMM,  c  nepneHAMKynnpHOM  nepeMbNKOM  m  KpMCTannbi  c 
60K0BMMH  QTpocTKaMM  Ha  nepneHflMKynHpHOM  nepew^NKe. 


Pmc.2  MMKpocTpyKTypbi  rpaHyn  cnnaea  AI-35%Si  c 
pa3J1MMHblMM  MOpcfonomHeCKMMM  pa3HOBMAHOCTHMM  H- 
o6pa3Hbix  (AByiaBpOBbix)  KpMCTannoB  nepBHHHoro  KpeMHwa 
a)  c  kocom  nepewbiMKOM  6)  nepneHAMKynnpHOfi  nepeMbiHKOvi 
c)  c  6oKOBbiMM  OTpocTKaMM  Ha  nepneHAHKynnpHOM  nepeMbiHKe. 

3neicrpoHHorpa4)MHecKMM  snanm  GbiCTpo  oxna>KAeHHbix 
nneHOK  M3  pacnnaBa  AI-35%Si  nOKa3an,  hto  nepBMHHbiM  KpeMH m 
Upv\  CTOJlb  BbICOKOM  efO  06“beMH0M  COAep>KaHMM  MHTeHCMBHO 
ABOMHMKyeTCH.  Ha  pnc.3  noKa3aHO  CBemononbHoe  M3o6pa>KeHMe 
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ynacTKa  nneHKM  c  nepBMHHbiM  KpMCTa/inoM  KpeMHMfl  m 
cooTBeTCTByKJinap  eMy  MHKpoflucppaKi^na.  npeflCTaBneHHan  Ha 
pnc.3  KapTMHa  MMKpOflHCtDpaKLIMM  COOTBeTCTByeT  BbIXOfly  B 
OTpawaiOLnee  no/io)KeHMe  xapaicrepHOM  y3noBOM  ceTKM  pecpneKcoB 
Si,  npMHaflne>KaLLj(Mx  30He  OTpawaioinMx  nnocKOCTew  [110]. 


B 

Pnc.3  3/ieKTpOHHbie  MMKpoefcOTOrpaefcMM  6blCTpO 

oxna>xfleHHbix  nneHOK  cnnaBa  AI~35%Si  a)  CBemonoribHoe 
M3o6pa>KeHMe  x15000;  6)  KapTMHa  MMKpoflMcJjpaKLJiMM  ot 
nepBMHHoro  KpMCTanna  KpeMHMf?;  b)  cooTBeTCTByjoujee 
MMKpoflMcjDpaKLiMM  pacneTHoe  ceneHMe  oSpaTHOM  peiueTKM  no 
nJlOCKOCTM  (110)  M  OCbfO  flBOMHMKOBaHMH  [iTl],  acpcpetabi 
flBOMHOM  flMCppaKqMM  BblfleneHbl  CBeTflOM  3aOMBKOM. 

B  pe>KMMe  MMKpoflMcppaKqMM  npMcyTCTByiOT  pecpneKCbi,  KOTopbie 
CBH3aHHbie  C  flBOMHMKOBaHMeM  KpMCTanJlMHeCKOM  peLUeTKM  Si. 
Pacnono>KeHMe  pecf)jieKC0B  ot  abomhmkob  COOTBeTCTByeT  ocm 
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AB0MHMK0B3HMH  [iTl],  OCb  ABOMHMKOBaHMH  Jie>KMT  B  R/IOCKOCTM 
o6paTHOM  peiueTKM  (110).  ComacHO  npeACTaBneHHbiM 
pe3ynbTaTaM3neKTpOHorpac(DMHecKoro  aHann3a  nepBMHHbie 
KpMCTannbi  KpeMHMn  nccne,qyeMoro  BbicoKOKpeMHMCToro 
aneKTpoTepMMHecKoro  CMnyMnna  ABOMHMKyioTCfl  no  nnocKOCTM 
(1  1  1),  T.e.  no  LunMHeneBOMy  3aKOHy. 

Q6cv>KneHne  pe3vribTaTOB 

,v;  AHann3  jirtTepaTypHbix  ASHHbix  noKa3an,  hto  H-o6pa3Hbie 
kpl^bfannti  nepBUHHoro  KpeMHnn  b  cnnyMMHax  He  BbiAenniOT  b 
cneqManbHyK)  rpynny,  OTcyTCTByeT  onncaHne  ocoOeHHOCTePi  3Toro 
MOpcponorwHecKoro  Tuna  m  MexaHM3MOB  ero  pocTa.  l/l3BecTHO 
onwcaHMe  nnacTMHnaTbix  KpMCTannoB  KpeMHnn,  KaK  Han6o/iee 
6nn3Koro  aHanora  H-o6pa3HOMy  Tuny.  rinacTMHHaTOCTb 
oO-bflCHneTCfl  xopoiuo  M3BecTHbiM  cpaicroM  cnoncTOCTM 
anMa3onoAo6Hbix  CTpyKTyp  b  HanpaBneHMM  TMna  <11 1>  [2]. 

06"bncHeHne  nnacTMHHaTon  MopcponornM  cnoMCTOCTbio  cTpyKTypbi 
KpeMHwn,  MMetoiAero  anMa3onoflo6Hyio  peiueTKy,  He  AOCTaTOHHo 
KoppeKTHO,  nocKonbKy  cnoMCTOCTb  npoHB/inTb  ce6n  MO>KeT  bo  Bcex 
BOCbMM  HanpaBJieHHnx  Tuna  <11 1>  nennacb  xapaicrepHOM 
CTpyKrypHOM  ocoSeHHOCTbio  KpHCTannwHecKOM  peiueTKM  KpeMHi/in  m 
AQJi>KHa  npMBOAMTb  CKopee  k  OKTaaApMnecKMM  cpopMaM  pocTa,  a  He 
k  njiacTMHHaTbiM.  flpyroe  o6"bncHeHne  nnacTMHnaTbiM  cpopMaM 
AaHO  b  paOoTax  [3,  CTp.377,  4-13].  B  stmx  paOoTax  nnacTMHnaTbie 
KpMCTannbi  KpeMHnn  TpaicrytoTCH  KaK  neHTOHHbie,  KOTopbie 
o6pa3yiOTcn  Ha  6a3e  nonMCMHTeTMHecKMX  abomhmkob 
anMa3onoAo6Hbix  CTpyicryp.  npM  stom  ABOMHMKOBaHne  bhocmt 
opMeHTai^MOHHbie  mMenenun  b  npoqecc  pocTa  KpncTannoB.  3tot 
noAxoA  aBTopy  CTaTbM  npeACTaBnneTcn  6onee  oSocHOBaHHbiM. 

MexaHM3M  pocTa  neHTOHHbix  KpMCTannoB  KpeMHMn, 
onMcaHHbiM  b  [3]  npeAnonaraeT,  hto  cpopMMpOBaHMe  nnacTMHnaToro 
KpMCTanna  nponcxoAMT  b  pe3ynbTaTe  aKTMBHoro  pocTa  BAonb 
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n/lOCKOCTM  ABOMHMKOBaHMfl  B  HanpaBJieHMHX  Tuna  <21 1  >.  AKTMBHbtM 
pOCT  B  HanpaBJieHMM  <21 1  >  BAOJlb  HJIOCKOCTM  ABOMHMKOBaHMfl, 
o&bHCHfleicfl  HariMMiieM  He  3apacTaK)i^ePi  ciyneHM  pocTa  Ha  rpaHHX 
Bxoflflmero  yma,  kotopum  o6pa3yeTCH  npn  noriMCMHieiMHecKOM 
ABOMHMKOBaHMM  B  npeAn0J10>KeHMM  OKTaaflpMHeCKOM  MOflenM  pOCTa 
KpeMHHfi,  3tot  MexaHH3M  6bm  npe,qno>KeH  raMMjibTOHOM  m 
BamepoM  flnn  KpMCiajuioB  co  CTpyicrypon  Tuna  anMa3a  [7,8]. 
O^HaKO,  ofrbHCHflH  b  o6luimx  nepTax  npOMecc  Bbinona>KMBaHMH 
neHTOHHbix  KpiicTarmoB,  MexaHM3M  raMMJibTOHa-Bamepa 

npoTMBopeHMT  pHfly  SKcnepMMeHTanbHbix  AaHHbix.  B  nacTHOCTM, 
pacnono>KeHMe  cjioeB  pocia  b  HanpaBJieHMM  <21 1  >  neHTOHHbix 
KpMCTarmoB  repMaHMH,  aHTMMOHMfla  mhamh  m  apceHMfla  raruiMH 
(KpMCTanjiOB  CO  CTpyicrypoM  TMna  ajiMa3a),  KaK  oTMenaioT  MHome 
MccneflOBaTe/iM  [4,9,11],  He  cooTBeTCTByeT  npeACTaBJieHMHM  o 
pocTe  Ha  rpaHHx  bxoahlamx  yrnoB.  KpoMe  Toro,  M3  flByx  M3BecTHbix 
TMnOB  JieHTOHHbIX  KpMCTaJlJlOB  <21 1>  M  <110>  [10,14],  3T0T 
MexaHM3M  b  npMHAMne  o6i>jicHJieT  pocT  TOJibKO  b  HanpaBJieHMM 
<21 1>.  flpOL^eCC  (JlOpMMpOBaHMH  H-o6pa3Hb!X  KpMCTa/lJlOB 
KpeMHMH,  npeflCTaB/ieHHbix  Ha  pnc.2,  TaiOKe  HeB03M0>KH0 

06-bHCHMTb  C  nOMOUJblO  3TOJO  MeX3HM3Ma. 

AnbTepHaTMBHbiM  noflxoA  k  onMcaHMK)  MexaHM3Ma  pocTa 
JieHTOHHbIX  KpMCTaJlJlOB  CO  CTpyKTypOM  TMna  ariMa3a  M3J10)KeH  B 
pa60Tax  neTpoBa  fl.A.  m  ByxaHOBaoM  A.A.  [12,13],  rfle  K0HL|eni4MH 
BXOA*mjero  yma  noflBepmyTa  KpMTMKe  Ha  npMMepe  podia 
neHTOHHbix  KpMCTanjiOB  repMaHMH.  B  Ha3BaHHbix  paOoTax  pa3BMTbi 
npeAciaBJieHMH  06  aKTMBHOM  AeHTpe  (aqpe)  pocia  jieHTOHHoro 
KpMCTajlJia.  5^ApOM  pOCTa  HBJlfleTCfl  CABOMHMKOBaHHbIM  TeTpaaflp  Ha 
6a3e  BXOAHLAero  AeyrpaHHoro  yma.  BbixoA  nnocKOCTM 

AB0MHMK0B3HMH  Ha  nOBepXHOCTb  KpMCTajlJia  cpopMMpyei  pe6po 
BxoAHLAero  yma.  flBOMHMKOBaHMe  no  njiocKOCTM  (111)  npMBOAMT  k 
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CpOpMMpOBaHMlO  nonO>KMTeJ1bHOrO  CflBOfiHMKOBaHHOrO 

TeTpaaflpMMecKoro  «flpa  pocTa,  a  flBOMHMKOBaHMe  no 
aHTMnapannexibHOM  nnocKOCTM  (111)  k  cjDopMMpoBaHMio 
OTpMMaTenbHoro  TeTpaoApMHecKoro  *Apa.  Pa3nmwe  Mex<Ay 
ABOMHMKOBbIMM  nnOCKOCTflMM  (111)  M  (111)  JierKO  yCMOTpeTb  M3 
aTOMHOM  pemeTKM  anMa3a.  ComacHO  3KcnepMMeHTanbHbiM 
flaHHbiM,  nono>KMTenbHbm  m  OTpMLjaTenbHbie  TeTpaa^punecKMe 
L^eHTpbi  pocra  neHTOHHoro  KpMCTanna  o6naAaK)T  pa3/iMMHOM 
MopcfronorMeM.  B  nacTHOCTM,  OTpMijaTenbHoe  TeTpasAPMHecKoe 
flflpo  pa3pacTaeTCfl  Bflonb  nnocKOCTM  ABOMHMKOBaHMn,  T.e. 
pa3pacTaeTCfl  napannenbHO  nnocKOCTAM  BbinonawnBaHMn 
neHTOMHoro  KpMCTanna  [12].  Hono>KMTenbHoe  TeTpasAPMnecKoe 
HApO  paCTeT  HOpMa/lbHO  K  nnOCKOCTM  ABOMHMKOBaHMfl  M  He 
cnoco6cTByeT  BbinonawMBaHMK)  ocHOBHbix  noBepxHocreM 
neHTOMHoro  KpMCTanna  [13].  Pacnono>KeHMe  cnoeB  pocTa 
neHTOMHoro  KpMCTanna  repMaHMn  b  ceneHMM  (211)  npeACTaBneHO 
Ha  pMC.4.  B  paMKax  MexaHM3Ma  pocia  neHTOMHoro  KpMCTanna  no 
fleTpOBy  fl.A.  M  EyxaHOBOM  A.A.  M  B  COOTBeTCTBMM  c 
SKcnepMMeHTanbHbiMM  aBhhwmm  no  pacnono>KeHMK)  cnoeB  pocia  b 
pa6oTe  [4]  nocipoeHa  MOAenb  ceneHMn  neHTOMHoro  KpMCTanna 
aHTMMOHMAa  mhamh  nnocKocTbK)  (211).  3Ta  MOAenb  npeACTaBneHa 
Ha  pnc.5.  Ha  pm  A  m  5  xopoino  npocMaTpMBaeTcn  AByTaBpOBan 
c|)opMa  neHTOHHbix  KpMCTannoB  b  ceqeHMM  (211).  YHMTbiBan  nonHyjo 
KpMCTannoxMMMnecKyK)  aHanomio  Me>Kqy  KpMCTannaMM  KpeMHMn  m 
repMaHMH,  a  Taioxe  noAoSMe  KpMcrannMnecKMx  peiueTOK 
aHTMMOHMAa  mhahh  m  KpeMHMn  mo>kho  cAenaTb  npeAnono>KeHMe  o 
tom,  hto  MOpcjionorMHecKMe  TMnbi  H-o6pa3Hbix  KpMCTannoB  Si, 
nonyneHHbie  b  cnnaBe  AI-35%Si  (m  b  HyuiKax  m  b  rpaHynax), 
nBnniOTcn  neHTOHHbiMM  KpMCTannaMM.  HpM  stom  6oKOBbie 
oTBeTBneHMH  TpaKTytOTcn  b  cxeMe  pocTa  aHTMMOHMAa  mhahh  [4]  m 
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repwaHun  [11],  KaK  pa3BWTne  nnocKorpaHHoro  fleH^puTa  Ha  6a3e 
cflBOMHMKOBaHHoro  TeTpaa/jpHHecKoro  «flpa  pocTa. 


Pmc.4  CeneHMe 
neHTOHHoro  KpncTa/ina 
repManufl  nnocKOCTbfo, 
nepneHAMKyjiflpHOM 
HanpaBneHMFo  pocTa 
<21 1  >  [13] 


A  (111) 


Pmc.5  CeneHne  neH-To^Horo 
KpHCTan/ia  aHTHMOHUfla  viHflua 
nnocKocTbK),  nepneH- 
AMKyji^pHOM  HanpaB-neHMK) 
pocTa  <211  >  [4] 

B(iii) 

nOJIMCMHTeTMHeCKWe  flBOMHUKM,  Jie)KaL4Me  B  OCHOBe 
neHTOMHoro  KpwcTajuia  xapaKTepii3yiOTCH  KaK  KommecTBOM 
napamienbHbix  ruiocKocTefi  flBOMHMKOBaHHH  b  naKeTe,  TaK  m 
B3aMMHblMM  paCCTOHHMflMM  Me>Kfly  HUM  M.  ComaCHO 

MCcneAOBaHiiaM  [10]  npw  TonuqMHe  abomhukobmx  nnacTMH  MeHee 
2mkm  cf)opMMpyK)TCfl  JieHTOHHbie  KpMCTannbi  repMaHMH  Twna  <11 0>, 
a  npw  TOJiu^MHe  6onee  2mkm  Ha6nfOAaeTca  pocT  neHTOHHbix 
KpwcTannoB  tuna  <21 1>.  AHann3  cxewbi  hojimcm HTeTHnecKoro 
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flBOMHMKa  KpMCTajiJioB  c  ajiMa3onoflo6HOM  peiiieTKoii  m  neTHbiM 
HucnoM  rmocKOCTeM  ABOMHMKOBaHMn  noKa3aH  Ha  pnc.6. 


Pnc.6  CxeMa  nonncnHTeTMMecKoro  ABOMHMKOBaHnn  c  pa3/iMH- 
HblMM  paCCTOHHMflMM  Me^y  nnOCKOCTflMM  ABOMHMKOBaHMfl 

Hate  ^cyHKe  noKa3aH  CABOMHMKOBaHHbin  KpnCTann 
OKTaaflpM^CKorfeaGnTyca  c  AeyMn  nnocKocTAMM  ABOMHMKOBaHnn  (I 
m  li  cneflbi  nnocKOCTen  ABOMHMKOBaHnn  nepneHAMKynnpHbie 
nnocKOCTM  pncyHKa).  noBepxHOCTM  neHTOHHoro  KpncTanna 
nepneHAMKyjiHpHbi  nnocKOCTM  pncyHKa  n  nx  ceneHnn  npeACTaBneHbi 
B  B HAS  nMHMM  AB  M  CD.  FlpM  yM6HbLU6HMM  paCCTOflHMfl  Me>KAy 
nnOCKOCTHMM  ABOMHMKOBaHWfl  B3aMMH06  pacnonOKCHMe  Me>KAy 
OCHOBHblMM  HaCTflMM  KpMCTailJia  6yA©T  COOTBeTCTBOBaTb  CABMry, 
napanneribHOMy  nnocKOCTHM  ABOMHMKOBaHMH  n,  KaK  cneACTBne,  sto 
npwBeAeT  k  cpopMnpOBaHMK)  kocom  nepeMbiMKM  Me>Kqy 
noBepxHOCTHMM  neHTOHHoro  KpMCTanna.  flByraBpoBbie  KpMCTannbi 
KpeMHMn  C  KOCOM  nepeMbIHKOM  XOpOLUO  BMAHbl  Ha  pMC.3a. 
Onnpancb  Ha  npeAnaraeMyio  MOAenbHyK)  cxeMy  (pmc.6),  KOTopan 
onMCbmaeT  M3MeHeHMe  (JjopMbi  abomhmk3  oicra3ApnHecKoro 
raOnTyca,  npM  yMeHbiueHMM  paccTOHHMH  Me>Kay  nnocKOCTAMn 
ABOMHMKOBaHMH,  MO>KHO  npeAnOnO>KMTb,  HTO  AByTaBpOBbie 
KpMCTannbi  kpomhmh  c  kocom  nepeMbiMKon  OTHOcnTcn  k  neHTOHHbiMM 
KpMCTannaM  TMna  <11 0>  b  nnocKOCTM  ceneHnn  (110). 
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Ha  ocHOBe  npoBefleHHoro  crepeoMOpcponorMHecKoro 
ananma  6onbLuoro  KonnnecTBa  coLunncjDOBOK  nepBMHHbix 
KpMCTannoB  KpeMHMn  xapaicrepHOM  AByTaBpoBOM  c})opMbi, 
nocTpoeHbi  ABe  CTepeoMOAenn  neHTOHHbix  KpMCTannoB  KpeMHMn 
(CM.pnc.7).  B  paMKax  MexaHM3Ma  KpMCTannM3ai4MM  neHTOHHbix 
KpMCTannoB  c  peweTKOM  Tuna  anMa3a  no  rieTpoBy  fl.A,  n 
ByxaHOBOii  A.A.  m,  onMpancb  Ha  AanHbie  anefo-poHorpacfinHecKoro 
ananma,  no,QTBep>Kfl  a  longue  a  bo  hhm  kobo  Hue  nepBMHHbix 
KpncTannoB  Si  b  cnnaBax  Al-35%Si,  H-o6pa3Hbie  KpMCTannbi  mo>kho 
TpaicroBaTb  KaK  neHTOHHbie  KpMCTannbi  Tuna  <21 1>  n  <1 1 0> 


a  6 

Pmc.7  CrepeoMOAe^H  neHTOHHbix  KpMCTannoB  a)  Tuna  <21 1  >  6) 

Tuna  <11 0> 


BbIBOflbl 

Ho  AanHbiM  CTepeoMopct)onorMHecKoro  m 
3nefcrpoHorpac})MHecKoro  ananmoa,  a  TaioKe  mcxoah  m3  aHanM3a 
MexaHM3MOB  pocTa  neHTOHHbix  KpMCTannoB  co  CTpyicrypon  anMa3a 
mo>kho  CAenaTb  cneAyiomMe  BbiBOAbi  1)  onMcaHHbte  H-o6pa3Hbie 
KpMCTannbi  nepBMHHoro  KpeMHun  b  aneicrpoTepMnHecKMX  cnnaBax 
AI-35%Si  npeACTaBnniOT  co6om  ceneHnn  neHTOHHbix  KpMCTannoB 
TMna  <21 1  >  m  <11 0>;  2)  xapaicrepHan  AByTaBpoBan  c[)opMa 
nepBMHHbix  KpMCTannoB  KpeMHMB  b  cnnaBax  Al-35%Si 
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noflTBep>KflaeT  MexaHM3M  pocia  nemoHHbix  KpMCTannoB, 
npeAno>KeHHbiM  PleTpOBbiM  A  A  m  ByxaHOBOM  A. A.  3tot  MexaHM3M 
OCHOBbIBaeTCfl  Ha  KOHLienUMM  CjDOpMMpOBaHMA  TeTpa3ApviMecKoro 
HApa  pocia  Ha  0a3e  BXOA^i^ero  AByrpaHHoro  yma,  KOTopbivi 
06pa3yeTCfl  npM  ABOMHMKOBaHMM.  npw  3T0M  ABOHHMKOBaHHe  BHOCMT 
opMeHTaMMOHHbie  M3MeHeHMH  b  npoqecc  pocia  KpMCTannoB  m 
oSecnenHBaeT  KpncTajiJiM3aqwK)  BAorib  nnocKOCTM  ABOMHMKOBaHiifl 
c  cfcopMMpOBaHMeM  b  oSuieM  BHAe  H-o6pa3Horo 
MOpcponorMHecKoro  Tuna  b  ceneHMflx  nepneHAWcynflpHbix 
HanpaBneHMK)  pocia. 
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riP0rH03HP0BAHHE  HAnPABJIEHHOCTU  KPHCTAJ1J1H3AL|HM 
PACnJIABOB  nEPHTEKTMMECKHX  CMCTEM  B  TEPMUHAX 
TEPMOflMHAMMKW  HEOBPATM MbIX  nPOL|ECCOB. 

II.  M.  r anyujKO,  IO.H.  Japan 

HapMOHanbHaa  MeTannyprunecKaa  AKafleMwa  yKpaMHbi 
r.flHenponeTpoBCK,  YKpanHa 

B  f.  npeflCTaBn^eMOM  MOflenw  paBHOBeCHoe  cocro^Hne 
ontiCbipaeTCfl  KaHOHMHecKMM  pacnpefleneHneM,  Koxopoe,  cneAya  [1], 
mo>kho  3anwcaTb  b  BMAe: 

P  =  exp  [  p«t>  ( p,  P,V )  exp  {p  [  p  C  -  E  (C)]>,  (1) 

rfle  <t>  -  o6o6LpeHHbm  TepMOflUHaMnnecKmi  noTeHpuaji, 

npMHMMaiOLMMM  B  COCTOflHMM  paBHOBeCMfl  CBOe  MUHMMaJlbHOe 
3HaneHMe;  jl  -  xMMMHecKMM  noTeHqMan;  p  =1/(k5T),  kB-  nocTonHHan 
BonbqMaHa  m  T  -  a6conKrman  TeMnepaiypa;  E  -  BHyTpeHHnn 
aHeprwfl,  3aBvtCHiAa«  ot  C-cocraBa  >kmakoctm  b  nepmeKTMHecKOM 
pacnnaBe,  a  TaioKe  ot  KOopflMHaT,  MMnynbCOB  m  BHyTpeHHi/tx 
3HeprnM  HacTnq  b  pacnnaBe. 

1/13  Bbipa>KeHMn  (1)  nyTeM  cyMMupoBaHun  no  KOopflMHaTaM, 
MMnynbcaM  n  BHyrpeHHMM  cocTonHMflM  HacTnq  b  >kmakoctm 
nepmeKTHHecKOro  pacnnaBa,  3aKnio4eHH0M  b  o&beMe  V,  mo>kho 
HaviTM  pacnpeAeneHMe  BeponTHoern  a^h  C: 

P(C)  =  B  J  P  {dr,}  {dP|}  =  B  exp  [p(<J>  +  pC)]  exp  [-  pE  (C)]  {dr,}  {dP,}, 

TAe  B  -  HOpMMpOBOMHblM  MH0>KMTenb,  a  JP  -  nnOTHOCTb  >kmakocth 
nepmeKTHHecKoro  pacnnaBa  npM  tewnepaType  nepmeKTimecKOM 
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ropn30HTann  Tn.  IlocKOJibKy  MHTerpan  no  KOop^MHaTaM  m 
MMnynbcaM  cBA3aH  co  cboSoahom  SHepruew  F  (C,  p,V), 
cooTBercTByjouneM  .qaHHOMy  3HaHeHwo  nepeMeHHon  C,  mo>kho 
3anncaTb: 

P(C)  =  B  exp  {p[<t>  ( JI,  p,V )  +  JIC  -  F  (C,  p,  V)]}  (2) 

B  [1]  OTMeMaeTcn,  mto  ncnonb3yeMaq  b  TepMOflMHaMMKe  b  KanecTBe 
cboGoahom  3Heprnn  cpyHKMMfl  F  OTfiMHaeicn  ot  BennnMHbi  F  (C,  p,V) 
b  Bbipawemin  (2).  riepBaa  CBfl3aHa  c  TepMOflnHaMnnecKUM 
noTeHL|naooM  O  cooTHOLueHMeM 

0  s  F  -  p.C, 

r^e  G  -  HaSoioflaeMoe  b  cucTeMe  MaKpocKommecKoe  3HaneHne  C  m 
F  =  F(C).  B  cwny  3Toro  cooTHOweHKH  (2)  npMHiiMaeT  bma: 

P(C)  =  B  exp  { — P[F  -  F  -  p  (C  -  C)  ]}  (3) 

Ecnn  npMMeHmb  k  F  M3BecTHbie  TepMOfliiHaMMHecKMe 
TOKflecTBa,  to  mo>kho  3anncaTb: 

(AF)W  =  F-F  =  p(C-C)  (4) 

By^eM  CMmaTb,  mo  paBHOBecHbm  cociaB  jkmakoctm  Ha 
nepmeKTimecKOM  ropM30HTaon  CL  cooTBeTCTByeT  MaKpocKonwHecKOMy 
3HaneHviK)  C,  T.e.  Cl  =  C,  a  3HaHeHMfl  nepeMeHHOPi  BejiMHMHbi  C  =  Cp 
-  paBHOBecHOMy  cocTaBy  nepmeiCTMHecKOM  c})a3bi. 

TepMOAMHaMMHecKan  BepomHOCTb  o6pa30BaHtifl 

KOHqeHTpamiOHHbix  c})jiiOKTyaMMM  cocTaBa  CP  b  >KMflKOCTM  cocrraBa 


©Eutectica-V 


129 


3BTeKTHKa  V 


Cl,  onwcbiBaeMbfx  b  TepMMHax  npoqeccoB  po>KfleHMfl  -  rM6enw, 
CBOfliiTca  k  rayccoBOMy  pacnpefleneHuto  m  onpeAenneTcn 
cjieflywDLi^MM  Bbipa>KeHneM  [1]: 

W  =  (27tCL)  0'5  exp  RCp  -  CL)2  /  (2Cl)]  (5) 

EcnM  3HaneHne  CP  6jim3ko  k  Cl,  to  W  B03pacTaeT  m  yMecTHO 
npeAnono>KeHMe  o  tom,  hto  >KMflKOCTb  xopoino  noAroTOBnena  k 
pacnafly.  B  Hew  MoryT  B03HMKaTb  aTOMHbie  accoqnai4nn 
(fl03apoflbiLLm)  nepiiTeKTunecKOM  cpa3bi  c  BbicoKoPt  CTeneHbK) 
CMMMeTpMM.  3T0  npHBOflUT  K  TOMy,  HTO  pa3flejlMTenbHafl  AMCpCt>y3HR 
npn  pocTe  KpMCTannoB  nepMTeKTMHecKOM  cpa3bi  ocyLuecTBnneTcn  no 
KpaTHawiUMM  nyTAM;  cKopocTb  mx  pocra  MOweT  OKa3aTbcn  SonbinoM 
(cymecTBeHHo  6onbine  ckopoctm  pacTBopeHMn  nepBMHHbix 
KpMCTannoB) ^a>Ke  b  ycnoBMnx  He3HanMTenbHbix  nepeoxna>«AeHMM 
pacnnaBa  HM>xe  Tn. 

AHann3Mpyn  BbipaweHMe  (5),  mo>kho  npeAnono>KMTb,  hto  b 
nepMTeKTMHecKnx  cucTeMax  cnxiaBOB,  r^e  pa3HOCTb  CP  -  Cl  Mana, 
npeHMymecTBeHHoe  pa3BMTMe  nonyHMT  pa3flejibHan  KpMCTannM3aL4Mn 
4>a3,  a  b  nepuTeKTMHecKMx  CMcreMax,  rfle  CP  3HaHMTenbHO 
OTnunaeTcs  ot  CL,  npeMMyiuiecTBeHHoe  pa3BMTMe  nonyHMT 
nepMTeicrMHecKan  peaKL4Mn.  CKnoHHOCTb  CMCTeMbi  k  pa3BMTMK) 
nepMTeKTMHecKOM  pea^MM  KanecTBeHHO  mo>kho  OLjeHMTb  c  noMOii^bK) 
KOHI4eHTpaL|MOHHOrO  KpMTepMn  nepMTeKTMHecKOM  peaKLJMM  [2], 
OTpa>KaK)II|erO  B03M0>KH0CTb  KOHKypeHTHOM  KpMCTannM3ai4MM 
nepMTeKTMHecKOM  c()a3bi  no  paBHOBecHOM  flMarpaMMe  cocronHMn  m  b 
xoAe  pa3AenbHOM  KpMCTannM3aLjMM  4>a3 

K  =  (CP  -  Cl)  /  (Cs  —  CP)  ^  1 
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3flecb  Cs  -  paBHOBeCHbIM  COCTaB  nepBMMHOM  Cj)a3bl  Ha 

nepMTeKTMHecKOH  ropn30HTann. 

npw  K>1  b  CMCTeMe  B03M0>KHa  nepmeKTHHecKafl  peaiojMfl;  npH 
K<1  npeiiMyi^ecTBeHHoe  pa3Bmne  nonynaeT  pa3flenbHaa 
Kpncrajinn3ai4MH  <pa3  [3].  3naveme  K  ^  1  CB*3aHO  c  TeM,  hto  b 
noflaBnfiJoineM  SonbLUMHCTBe  flwarpaMM  coctoahma  c 
nepMTeKTMHecKMM  paBHOBecweM  cociaB  CP  pacnono>KeH  Ha 
nepMTeKTMMecKOH  ropn30HTann  jim6o  6jim3ko  k  cocTaBy  Cs,  nw6o 
6/1M3KO  K  COCTaBy  CL. 

O603HanMM  nepe3 

A  =  -  (AF)tv  =  -  M-  (Or-  CO  (6) 

m  6yfleM  Ha3biBaTb  3Ty  BeiiMHMHy  cpoactbom  nepMTeKTMHecKOM 
peaKL(MM.  CpoflCTBo  nepmeKTMHecKOM  peaKLjMM  ABJineTca  MepOM  ee 
yAaneHHocTH  ot  coctoahhh  paBHOBecwa  b  ycnoBMax  MCHe3aK)me 
Manbix  nepeoxna>KAeHHM  pacrmaB  a  HMwe  Tn  m  MrpaeT  ponb 
o6o6LqeHHbix  cun,  Bbi3biBatOLL\nx  pa3Bmne  peaKMMOHHbix  noTOKOB  b 
C00TB6TCTBMM  c  paBHOBecHOM  AwarpaMMOM  coctohhmh.  KaK  cneflyeT 
M3  (fopMynbi  (6),  cpoACTBO  nepmeiaiiHecKOM  peaK pun  A  B03pacTaeT 
c  yBenwHeHMeM  pa3HOCTM  CP-CL. 

riOKaweM  B3anMOCBa3b  cpoACTBa  nepMTeKTMMecKOM  peaiojMM  A 
c  cooTBeTCTByiOLAiiMM  noTOKaMM,  onpeAenaK)L4HMM  pa3BMTne 
nepMTeKTMHeCKOM  peaKLJIMM.  B  COOTBeTCTBMM  C  [1]  n/lOTHOCTb 
npOM3BOACTBa  SHTpOHMM  B  33KpblT0M  CMCTeMe  MO>KHO  3anMcaTb  B 
BMAe: 


cr  =  -2j  j  V  (14  /  T)  +  CD  (A  /  T)  (7) 

AHanM3  Bbipa>KeHM«  (7)  npn  T  =  const  noKa3biBaeT,  hto  a  xiMHeMHO 

33BMCMT  OT  BeriMHMH  j  ,  M  0),  KOTOpbie  MO>KHO  CHMT3Tb  flOTOKaMM, 
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CBH3aHHblMM  C  Heo6paTMMblMM  npOMeCCaMM  B  XOAe 
nepiiTeKTUMecKOM  KpncranjiM3aqMM.  3A©Cb  c o  -  CKopocTb 

nepmeKTHnecKOM  peaKi^nw,  onpeAenaeMaa  KaK  npon3BOAHan  BbixoAa 
nepMTeKTMHecKOM  peaic i\m  (e)  no  BpeMemi.  Benmma  a  TaioKe 
JIMHenHO  3aBMCMT  OT  BeflMHMH  V(fXj  /  T)  M  (A  /  T),  KOTOpbie 
mo>kho  paccMaTpMBaTb  KaK  o6o6meHHbie  cnnbi  Xk>  Bbi3biBaK)Lnne 
3TM  nOTOKM.  TaKMM  o6pa30M, 


a  = 

-ZjkXk, 

(8) 

J  i,  fln4)  =  j  j. 

XjiftM4)=:“  V  (^  /  T)i 

(9) 

J  peaKM  =®  >  : 

r.  .XpeaKi4  =  A  /  T, 

(10) 

CooTHOLueHMfi  (9)  Bbipa>KaK)T  o6o6iAeHHbie  cwnb!  m  noTOKK, 
CBn3aHHbie  c  cJ)opMnpoBaHneM  nepmeKTHHecKnx  KpHcrajinoB  b 
npouecce  pa3AenbHOM  KpMCTanjiM3aMnn  <$a3.  GooTHomeHun  (10) 
noKa3biBaK)T  o6o6meHHbie  emibi  n  noTOKii,  cooTBeTCTByK)mne 
peann3aqnn  nepMTemiHecKOM  peaKqun. 

nocKonbKy  paccMaTpMBaioTCfi  ycnoBun,  k 

paBHOBecHbiM  b  cucreMe,  M30TponHon  OTHOcmejibHO  CKOpoc™ 
nepuTeKTunecKOM  KpncTajinn3a4iiM,  T.e.  k  KiiHeTunecKOMy  pe>KMMy, 
KorAa  CKopocTb  nepmeicrwHecKoro  npeBpameHna  He  rwMMTMpyeTcn 
Anc})c})y3MeM  Mepe3  o6onoHKy  nepHTeKTHnecKOM  cpa3bi,  mo>kho 
CMmaTb,  hto  npoijecc  magt  b  oOnacTM  nwHeMHOCTM  HeoSpaTMMbix 
npoqeccoB  m  3anncaTb*. 

jk  =  SLk,  Xtl  (11) 

MaTpHLja  CfjeHOMeHOJlOrMHeCKMX  KOaCpCjMlJMeHTOB  L  KI  B 

COOTBeTCTBMM  C  COOTHOLUeHHeM  B3aMMHOCTM  OH3arepa  CMMMeTpMHHa: 

L  ki  =  L  ik  . 
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AHann3  Bbipa>K6HMM  (10)  m  (11)  noKa3biBaeTt  mto  CKOpocTb 
nepuTeKTunecKOM  peaKLjMM  go  nponopL|MOHaribHa  cpoflCTBy 
nepuTeKTHHecKoft  peaittjMM  A.  B  tom  cjiynae,  Korfla  CP  HaMHoro 
Oonbiiie  CL,  cymecTBBHHO  B03pacTaeT  A  m  cooTBeTCTBeH  ho 
B03pacTaeT  to  .  Hotok  j  peam  npeoSnaflaeT  HaA  iiotokom  j  npn 
Manofi  pa3Hm4e  CP  -  CL  BermnnHa  A  He3HaHMTenbHa.  B  stom 
anynae  j  >  j  peaK4>  m  npenMyLqecTBeHHoe  pa3BHTne  nonynaeT 
pa3flenbHaa  KpMCTannn3aLjMH  c|3a3. 

B  COOTBeTCTBMM  C  M3nO>KeHHblMM  MOfleJIbHblMM 
npeflCTaBjieHUflMM  npM  KpMCTajinn3amiM  pacnnaBOB  nepMTeKTMHecKMx 
CMCTeM  c  KpMTepneM  nepmeiaMHecKOM  peav^m  K>1  Aom<Ha 
peann30BaTbC5R  nepMTeKTMHecKaa  peaKLjMfl,  Tax  Rax  b  stmx  CMCTeMax 
pa3H0CTb  CP  -  Cl  cyuqecTBeHHa  m  ohm  flon>KHbi  oOnaflaib  OonbLUMM 
cpOACTBOM  nepMTeKTMMecKOM  peaKAMM.  B  CMCTeMax  c  K<1  pa3HOCTb 
CP  -  CL  HeBe/iMKa.  TaKMe  CMCTeMbi  oSnaflafOT  He3HaHMTenbHbiM 
CpOACTBOM  nepMTeKTMMecKOM  peaKL^MM  M  npM  MX  KpMCTaJ1JlM3ai4MM 
npeMMymecTBeHHoe  pa3BMTMe  MOweT  nonynMTb  pa3AerFbHa« 
KpMCTaJlJlM3aMM«  ($33. 

CoOcTBeHHbie  m  nMTepaTypHbie  AaHHbie  Mcc/ieAOBaHMM 
MGX3HM3Ma  KpMCTaJTinM3ai4MM  B0CeMH3AUaTM  CMCTeM  nepMTeKTMHeCKMX 
cnnaBOB  CBMAeTe/ibCTByjOT  06  aACXBaTHOCTM  npeAJiaraeMOM 
TepMOAMHaMMHeCKOM  MOAeilM. 

J1MTEPATYPA 

1.  Hmkojimc  r,  npuroKMH  H.  CaMoopraHMsai^MB  b  HepaBHoeecHbix  CMCTeMax. 
M.:  Mnp,  1979.  512  c. 

2.  ranyLUKO  H.M.,  TapaH  fO.H.  floxn.  Ah  YCCP.  Cep.  A.  1979,  N°  9,  c.  765. 

3.  TanyiuKo  H.M.,  TapaH  fO.H.,  KneHMHa  C.R,  JlucuLia  E.n.  M3B.  AH  CCCP. 
MeTaiuibi,  1980,  N°  2,  c.  199. 
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ME>Kfly<l>A30BAfl  CErPErAUHfl  1/1  HECTALJMOHAPHAfl 
3BTEKTHKA  B  nEPMTEKTMHECKHX  CTAJlflX 

AM.  fkteHKO,  HM.  PenuHa,  fl.fl.  r oyuuKO 
l/lHCTHTyT  nepHOM  MeTa^nyprun  HAH  yKpanHbi, 
r.  flHenponeTpOBCK,  YKpaMHa 

KpncTanjiM3ai4Mfl  MHornx  Fe-cnnaBOB  npowcxoflHT  no 
nepuTeKTMHecKOMy  MexaHH3My  x  -*a(S)+  xOCm.  \ce(S)+  xOCm  ->  /. 
Me>Kqyc})a3HbiM  pacnpefleneHneM  KOMnoHeHTOB  x  <->a(5),  x  <->  y 

a(8)  ++  y  M  pa3BHTneM  nnKBaqnn  b  >xnflKOCTn  n  TBepAocf)a3Hon 
cerperai^nn.  <$>a30Bbm  Tun  KpnCTannn3amiM  MO>KeT  6biTb  nocTOHHHbiM, 
nn6o  w3MeH«eTcn  b  cb*3m  c  o6pa30BaHneM  jiMKBaqnoHHbix 

(HepaBHOBeCHbIX)  Cf)a3:  X  <->  a(S)+  Xocm.,  Oc(S)  +  XOCm.  <->  Y  +  XfiuK.  ,  >Kn UK 
TaK,  b  cnnaBe  Fe-C-M,  npn  hh3kom  K0Hqempai4Hn  C  n  M,  xocm  -> 

y\  npn  hh3kom  KOHqeHTpaqnn  C  n  BbicoKon  -  M  (Ma  =  cra6nrm3aTop  Fea) 
bo3mo>kho  xnuK  ->  a(S)\  npn  BbicoKow  KOHL\eHTpaL|wn  C  m  1W  BepomeH 
nepexofl  ot  nepnTeKTHMecKoPi  k  aBTeicrnHecKon  KpncTannn3aMnn:  xnuK  -> 
y  +  K  (K  -  Kap6nA  Fe,  M)  n m  xnuK  ->  a(S)+i 10  (71$  -  nHeTpMeTannnA  Fem 
Mn,  Fem  Mn  C).  Cerperaqnn  a(S)  <->  y  no  MHTeHCHBHOCTn  con3MepnMa  c 
nnKBaAneM  n  MO>xeT  TaK  >Ke  Bnnmb  Ha  cf>a30B0-CTpyKTypHbie  n3MeHeHwn. 

Mbi  HCcneAOBann  Kpnciannn3ai4HK)  yrnepOAncTbix 

nepHTeKTMHecKHX  cnnaBOB  (Tuna  KOHCTpyKLjnoHHbix  cTanefi), 

nempoBaHHbix  y  -  wnn  a  -  CTa6nnw3aTopaMn  ( Mr=Mn ,  Ni,  Cu;  Ma  =  Cr, 
Mo,  Si,  Al,  P ).  npoqecc,  b  ochobhom,  ABycTaAnnHbm.  Ha  nepBOM  ciaAwn 
o6pa3yeTcn  nepBMMHbin  $eppnT  a(8)  AeHAPMTHoro  CTpoeHMn  (>k->  a(S)+ 

xocm),  na  BTopon  -  nepiiTOKTMHecKMCi  aycTeHm  y  BOKpyr  n  BHyTpn 
AeHApmoB,  KOTopbm  pacTeT  b  >KHAKOCTb  (x ocm  ->  y)  m  b  cf)eppnT  (a(S)  -> 
y)}  no  o6oAKOBOMy  MexaHH3My  npn  AByxc()a3H0M  KOHTaKTe  xiyu  y/  a(S). 
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B  cnnaBax  c  Ma=Si,  P  npn  MJC  »  1  coxpaHaeTCH  MacTMHHbm 
Tpexc{)a3Hb!M  KOHTaKT  wJy/a(S). 

KomjeHTpaqMfl  Mr  yBennHMBaeTCfl  b  c})a3ax  a(5)->  y  ->  >k, 

KOHt4eHTpai4Mfl  Ma-  y  ->  a(8)  >k.  IlosTOMy  npw  nepmeKTunecKOM 

KpncTajuiM3ai4Mii  nMKBaLjMfl  Mr  no  HanpaBneHiiK)  npHMaa  -  ot  MWHMMyMa 
b  ocn  BeTBn  flo  MaKcnMyMa  b  Me>KflyBeTBHn.  KoHnempaLjMfl  Ma  b 
aycTeHnTHOM  o6oAKe  MO>KeT  6biTb  Hn>Ke,  neivi  b  oceBow  30He  n  b 
MejKflyBeTBMn,  a  numanun  noaTOMy  ABOMHa*.  flpaM an  nmsau.m  Mn  v\ 
Ap.  He  BnMJieT  Ha  MexaHM3M  KpncTajinn3aqmi  ocTaTOHHOM  >kmakocth 

(>*ocm  ->  y),  nOBblLUafl  TOJlbKO  yCTOMMMBOCTb  ayCTeHWTa,  flMKBai4MH  Cr ,  Mo 
Bb!3b!BaeT  06pa30BaHMe  Kap6MAHOM  SBTeKTMKM  ()Kocm  ->  y  +  K),  a 
jiHKBaLjua  Si,  Al,  P  -  o6pa30BaHne  MHTepMeTanmiAHbix  3BTeKTWK  [>KnuK  -> 
y  +  FemSi  (Al)r ,  Cx>  )Knm  — >  y  +  Fe3P  ( Fe2Ft)  hjih  )KnuK  —>  >Kn UK  '  +  a(5)  , 
Xnux.  '  ->  +  Ct(8)  +  Fe2P  ).  yHaCTKM  3BTeKTMKM  B  A^HApHTHblX 
Mex<AyBeTBnax  pa3AenbHbi  win  o6pa3yK>T  cnnoLUHyfO  norpaHMHHyto 
ceTKy. 

JlMKBaqMOHHaa  HeoAHopoAHOCTb  MOweT  coneTaTbca  c 

cerperaqHew  b  npoqecce  o6oakoboi-o  pocia  aycieHma.  YBenmenwe  b 
HeM  KOHqeHTpaL^MM  My  noBbimaeT  npHMyK)  jiMKBai4MK),  a  yBennneHne  b 
HenpeBpaLASHHOM  cf)eppnTe  KOHneHTpaijMw  Ma  ycnnnBaeT  3ct>c|)eKT 
ABOMHOM  nMKBai4MM.  B  3aBMCMMOCTH  OT  4)a30B0r0  COCTaBa,  CKOpOCTM  a(S) 
y  npeBpaiAeHHfi  m  BHyTpncf)a30B0M  AMCfxt>y3wn  b  norpaHMHHOM  30He  y 
/ a(6 )  B03M0>KHb!  AHHaMMHHbie  KOHMeHTpai_|noHHbie  mMenemn.  3to 
MO>KeT  BJlHHTb  Ha  JIOKaJlbHyK)  yCTOHMHBOCTb  OAHOM  MflH  06ei1X 
KOHjaKTHpytoiAHx  cf>a3.  PaccMOTpMM,  HanpHMep,  ABa  BapnaHTa 

KOHueHTpaAHOHHO-CTpyKTypHbix  M3MeHeHHM  npH  cerperaAMH  Ma. 

1  B  ycnoBMHx  nepepacnpeAeneHMH  Me>KAy  4>a3aMM  a(S)  <->  y 
CKOpOCTb  AMCt>4)y3MM  Ma  B  CpeppMTe  AOCTaTOHHa  AJlfl  OTBOAa  M36bITKa  Ma 
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ot  Me>Kcpa30B0M  rpaHML^bi  n  npeflOTBpameHMfl  KOHMeHTpaLjMOHHoro  niiKa, 
oSecneMHBan  nocTeneHHbw  npMTOK  b  ocTaTO^Hbiw  <J>eppMT  m 

noBbima^  ero  ycTOMMMBOCTb  b  oceBbix  30Hax  fleHflpma.  nooTOMy  b  hmx 
nn6o  npeBpameHMe  cx(8)  —>  y  topmo3mtch,  jim6o  o6pa3yeTCfl 

ManoycTOMHMBbiM  aycTeHm,  KOTOpbiM  npH  oxna>KfleHMM  nerKO 

npeBpamaeTca  b  cpeppm,  y  ->  8. 

2.  CKopocib  OTBO^a  Ma  HeAOCTaTOMHa  ajtw  npeflOTBpaiAeHMfl 
HaKonneHMB  b6jim3m  cf>poHTa  y/a(S)  m  odpa30BaHna  KomjeHTpaLjMOHHoro 
MaKCMMyMa;  BejiMHMHa  KOToporo  MO>KeT  3aBMceTb  ot  CTeneHM 
npeBpauneHMJi,  a  nono>KeHMe  -  ot  npoflBn>KeHWfl  cfpoHTa,  TecHjmjero 
KOHqeHTpaquOHHyK)  BonHy  Ma  ot  noBepxHOCTM  botbm  k  ocm.  npn 
0&pa30BaHMM  KOHL\eHTpai_^MOHHoro  nuKa  b  cnoe  cpeppMTa  oTflaneHHOM  ot 
ocm,  ero  ycTOMHMBOCTb  yBe/iMHMBaeTCj?.  Torfla  b  aycTeHMTM3MpoBaHHOM 
MaTpML^e  Moiyr  coxpaHHTbCfl  ynacTKM  ocTaTOHHoro  cpeppuTa, 

pacnono>KeHHbie  BAOJib  rpaHMUbf  a(8)  /y,  BOKpyr  «cepAi46BMHbi»  BeTBw: 
mx  OKpy>xaeT  ayCTeHMT  nepMTeKTMHecKoro  npOMCxo^euMfi,  a  c 
BHyTpeHHeM  CTopoHbi  pacnono>KeH  aycTeHMT,  o6pa30BaBLUMMCfl  no 

nonMMOpc()HOMy  MexaHM3My  npn  oxna>KqeHMM  ( a(S )  })  m3  cpeppirra  c 
HeAOCTaTOHHO  BbicoKOM  KOHL^eHTpaqMeM  Ma.  B  cnnaBax  c  Si,  Si+Cr,  P+Si 
m  AP-  mo>kho  o6Hapy>KMTb  c|3eppMTHbie  KOiibi^a  b  reTeporeHHOM  aycTemrre 
(puc.  1). 

HaM6onee  cjio>KHafl  oScTaHOBKa,  Bepoyrmo,  B03HMKaeT  b 
BbicoKOCj)occ|}OpMCTbix  crmaBax  npn  pocTe  aycTeHMTHoro  cnofi  m 
C03A3HMM  b  norpaHMHHOM  cnoe  $eppMTa  ycnoBMM  Ann  o6pa30BaHMn 
BKJitOHeHMM  cpoccfrMAa  (bo3mo>kho  T3K>Ke  -  arperaTOB  Fe3P-Fe3C). 
B3aMMOAOMCTBne  KOMn/ieKca  «MaTpni4a  -  BbiAeneHVin»  npn 
TeMnepaTypax  a(8)  yi  Bbime  OBTeKTMnecKoro  /lMKBMAyca,  MOweT 
npMBecTM  k  noKaobHOMy  KOHTaKTHOMy  nnaBneHnto  a(8)  +  Fe3P  mom 
a(S)  +  y  +  Fe3P  ->  >k.  flocKonbKy  BHyTpMABHApwTHoe  nnaBneHMe 
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npOMCXOflMT  npM  He3aKOHMeHHOM  KpMCTaJinM3ai4MM  Me^eHflpMTHOM 
J1MKBaL\MOHHOM  >KMflKOCTM,  B03M0>KHbl  pa3JlMHHbie  BapnaHTbl  3TOrO 

npoqecca. 


Pmc.  1  puc.  2 


1.  ripn  pode  nepMTeKTMHecKoro  aycTeHma  BOKpyr  cpeppura 
MacTMHHO  coxpaHnercn  KOHTaKT  x!y/a(S)  n  rpaH  1114a  y/a(5)  coo6^aeTca  c 
>KMflKOCTbK)  b  Mex<^yBeTBMax.  3to  mo>k6t  oSnerniiTb  norpamiHHoe 
noflnnaB/ieHiie  11  cnocoScTBOBaTb  ero  npo,qon>KeHiiK)  Ha  .qaHHOM  CTanm 
npeBpameHMa,  c  coxpaHeHMeM  cbh3m  hobom  m  nw<Bai4iiOHHoii  wii^koctii 
(puc.  2). 

2.  BHyTpeHHee  nnaBneHiie  Ha  rpaHinje  y/ct(S)  HannHaeTcn 
aBTOHOMHO,  ho  33TeM  cnnoLUHOCTb  aycTeHMTHoro  cnon  Hapywaeicn  m 
ycTaHaB/iiiBaeTCH  KarnmnapHan  CBH3b  «no(qKopKOBOH»  MexyjeHflpiiTHOM 
>wiflKOCTM.  MopcfjononiH  CTpyKTypbi  no  oGomm  BapiiaHTaM  cxoflHan. 
nnaBneHiie  conpoBO>KflaeTcn  o6pa30BaHiieM  HOBbix  KaHanoB, 
pacTBopeHiieM  11  HapamMBaHHeM  nepeMbineK.  npii  oxna>KfleHiiii  oho 
3aKaHHiiBaeTcn  o6pa30BaHneM  ynaciKOB  cjDocctMflHOii  SBTeicniKii  BHyrpii 
fleHflpMTHOM  BeTBM,  M30ni1p0BaHHblX  linil  C006L4aK)LJ4MXCn  C  3BTeKTMK0M  B 
Me>KflyBeTBiinx. 

3.  npoqecc  nnaBneHiin  Ha  Bcex  aianax  3apox<fleHiin  m  pocia 
>wiflKOCTii  b  30He  noflBii>KHOM  rpaHnqbi  y/ct(8)  npOHcxoflm  npii  nonHOM 
OTcyTCTBiiii  KOHTaKTa  c  Hapy>KHOM  >Kiifl KOCTbio.  OopMa  11  pacnono>KeHMe 
ynacTKOB  c|3occj)iiflHOM  3BTeKTiiKii,  BnnoTb  flo  ocii  BeTBii,  onpeflennioTcn 
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ycnoBMAMM  ee  flpewc^a  npM  nepeMemeHMM  cppoma  npeBpamemiH  m 
npocfcmieM  3Toro  cppoHTa  (puc.  3,4). 


pMC.  3  pwc.  4 

Tskhm  o6pa30M,  b  nepBMHHOw  CTpyKType  cTanew 
nepmeKtHHecKoro  Tuna  B03M0>KHbi  acpcpeicrbi  TBepAO$a3Horo 
nepepacripefleneHMa  aneMeHTOB  m  TBepAOpacTBOpHOM  cerperamin. 
Pe3yjibtaTOM  atoro  b  onpe^ejieHHbix  KOHqeHTpaqMOHHbix  m 
TepMOKMHeTMHeCKMX  yOnOBMflX  MO>KeT  6blTb  BHyTpMKpMCTannMHeCKOe 

rmaBnewie  b  nepBMHHbix  cpeppmHbix  fleHApMTax  npn  a(5)  y 
npeBpameHMM,  c  o6pa3cmaHMeM  nc>ABM>KHoro  cncm  >kmakoctm 
3BT6KTMH6CK0r0  COCTaBa  BHyTpM  ACHApMTOB  Hap51Ay  C  riMKBaMMOHHOM 
>KMAKOctbK)  b  MexvjyBeTBMflx. 

©AM.  flqeHKo,  HM.  PeniiHa,  n.fl.  r pyiuno ,  2000r. 
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B3AMMOCBB3b  FlEPMTEKTHMECKOrO  M  3BTEKTMHECKOrO 
nPEBPALUEHMM  B  TEnJlOCTOMKMX  CTAJlflX 

E.n.KanuHyujKUH,  B.B.KoeaneHKO 

HaL4M0HanbHafl  MeTarniyprunecKaH  AKafleMMfl  YKpawHbi, 

r.flHenponeTpoBCK,  YKpawHa 

CTpyicrypa  otjimbok  m3  TennocTOMKiix  cra/iew  3aBncm  ot  mhotmx 
TepMOKMHeTMHecKMX  cpaKropOB  onpeflenflK)Lqnx  ycnoBMfl  3aTBep,qeBaHwq 
3Tmx  crane  m. 

B  noflaBii^KDtueM  6onbUJMHCTBe  ,  cnynaeB  3aTBep,qeBaHMe 
paccMaTpMBaeMbix  CTaneti  nponcxoflMT  no  cneflyioiijeM  cxeMe.  Ha 
nepBOM  STane  KpMCTannn3aL4MM  npOMexoflWT  BbifleneHwe  KpiicrannoB  8- 
cfceppwTa.  nocneflyfou^ee  npeBpameHwe  S-cpeppma  m  >KMflKOCTM  b 
aycTeHm  nponcxoflnT  c  bucokhmm  ckopocthmm  m  conpOBO>KqaeTcn  Ha 
nepBOM  CTaflMM  o6pa30BaHneM  pa3BeTB/ieHHdro  npepbiBwcroro  odoflKa 
aycTeHHTa  Ha  rpaHHL|e  S-cpeppirr  /  wwAKOCTb,  3aieM  c£>opMiipoBaHMeM  Ha 
Me>K4)a3HOM  rpaHHqe  pa3flena  S-cpeppm  /  aycreHMT  tohkom  npocnowKM 

>KMflKOH  cj)a3bl  f  C006U4aK)L4ePlCH  C  OCHOBHbIM  ee  K0J1HH6CTB0M 
nocpeACTBOM  KaHanoB.  AaJiee  npoMCXOflViT  o6pa30BaHne  pa3BeTBneHHOM 
fleHflpMTHOM  CTpyicrypbi  nepmeKTHHecKoro  aycTeHHTa.  HeorbeMiieMOM 
nepTOM  nepMTeKTHHecKOM  peaKqMM  b  HccneflyeMbix  CTannx  HBnneTcn 
HanHHHe  HenpepbiBHon  npocnoMKM  >kmakom  cpa3bi  Ha  rpaHMje  S-cf>eppMT  / 
aycT6HMT .  CKopocTb  h  cTeneHb  3aBepujeHHOCTM  nepMTeicniHecKoro 
npeBpameHHH  3aBHcnT  ot  XMMwnecKoro  cocraBa  crann  (KOJiMnecTBa 
4)eppmo-  m  aycTeHMrocTa6njin3aTOpOB),  TeMnepaiypbi  narpeBa  crann 
nepefl  KpncTannn3ai4neM  (  CTeneHM  roMoreHHoern  OL\K  6nn>KHero 
nopHflKa  pacnnaBa),  CKopocTM  oxnax<AeHMfl  npw  KpMCTanjin3aL4nn. 

npw  M3MeHeHMH  CKopocTM  oxna>KqeHMfl  npw  KpncTanmi3aqnM 
TeMnepaTypHbiM  MHTepBan  nepirreKTHHecKoro  npeBpameHiin 
HaKnaflbiBaetCH  Ha  TeMnepaiypHbiM  MHTepBan  3BT6KTHHecKoro,  TaKMM 
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06pa30M,  CKOpOCTb  M  3aBepLLI6HH0CTb  TiepMTeKTMHeCKOM  peaKL^MM 
HenocpeflCTBeHHO  BJin^eT  Ha  o6beM  m  Mopcj30jiornfo  aBTeKTMHecKOM 
COCTaBJlflK)LL4eM.  npM  BbICOKOM  COflep>KaHMM 

aycTeHMTOCTa6miM3MpyH3ijmMX  aneMeHTOB  b  crann  4X5MOA  CTeneHb 
3aBepiueHH0CTM  nepMTeKTMHecKOM  pea\a\m  npw  KBa3MpaBHOBecHOM 
3aTBepfleBaHHM  BbicoKa  (6nn3Ka  k  100  %)  m  SBTeKTMHecKoe  npeBpai^eHMe 
b  >KMflKo4)a3Hb!X  npocnoMKax  m  KaHanax,  o6pa30BaBLunxcfl  b  pe3yjibTaie 
nepMTeKTMMecKOM  peaKi^HM,  ocymecTBrmeTCfl  c  o6pa30BaHMew  tohkoto 
koHmoMepaTa  cpa3.  Pa3BeTBJieHHbiM  cfjpoHT  KpMCTanjiM3ai4HM  aycTeHMTa 
H  COOTBeTCTBeHHO  flMCnepCHOCTb  3BTeKTMHeCKMX  KapOMflOB  CHOCOSCTByeT 
o6pa30BaHMio  OflHopoflHow  CTpyKTypbi.  ycKOpeHHe  npoqecca 
KpMCTajinn3ai4MM  crarm  4X5M0CA  cnoco6cTByeT  noflBJieHMK)  b 
bTpykrype  ocTaTOHHoro  S-cpeppMTa.  TaKMM  o6pa30M,  M3MeHeHne 
CKOpOCTM  KpHCTamiM3aMMM  CnOCOOCTByeT  M3MeHeHWO  COOTHOLUeHHa 
oO-beMOB  c})a3,  ynacTBytoinHx  b  nepmeKTMHecKOM  npeBpau^eHmi.  B 
HaiueM  cnynae  3a  cneT  o6pa30BaHMH  6onee  pa3BeTBneHHoro  c})poHTa 
KpHCTarmn3ai4nii  yBexiMMHBaeTCfl  HeoOxoAMMbm  ajih  pearmsaqHH 
paakMMM  o6beM  xwAKoro  pacnnaBa,  npn  stom  o6mee  KonunecTBO 
>KMflKOM  Cf)a3bl  C  M3MGHeHMeM  CKOpOCTM  oxna^eHMH  npw  3aTBepfleBaHMM 
M3MeH«eTC«  He3HaHMTeJ1bHO. 

flnfl  CTanew  Tuna  3X3M3  npw  HanwHmi  Oonbiuero  KOJiMHecTBa 
cf)eppMTOCTa6miM3aTOpOB  xapaicrepHO  o6pa30BaHne  3BTeKTMKM  Ha  6a3e 
Kap6nAa  Mo2C.  ycKOpeHHoe  oxjia>KqeHne  b  MHTepBane  nepmeKTHHecKOH 
peaKqMM  cnoco6cTByei  pacwHpeHMio  ee  TeMnepaiypHoro  MHTepBana, 
noBbuueHMK)  CTeneHM  ee  3aBepmeHHOCTM,  n3MenbHeHMK)  3epeH  m 
yBenilHeHHK)  06-beMHOM  flOnVI  BHyTplIKpMCTaJinMHeCKOH  >KMflKOCTM, 

yHacTByroiAew  b  npeBpau^eHHM,  hto  b  cbojo  onepeflb  onpeflenaeT 
o6pa30BaHMe  6onee  AwcnepcHbix  SBTeKTMHecKHx  KapOwAOB,  paBHOMepHo 
pacnpeAenniOLAMxcH  b  Maipmje,  m  cf)opMMpOBaHMK)  6cmee 
nerMpOBaHHoro  TBepAoro  pacTBOpa. 
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HeCMOTpH  Ha  BJlMflHMe  CKOpOCTM  OXJiaJKfleHHH  Ha  KMHeTMKy 
nepHTeKTMHecKoro  npeBpameHMfl,  MexaHM3M  peaKi4MM  ocTaeTca 
Hen3MeHHbiM  h  3HaHirrenbHan  nacTb  pacnnaBa  OKa3biBaeTcn  b  oceBbix 
ynacTKax  nepBMHHbix  3epeH,  cjDOpMHpya  TOHKiie  npocnowKH  m 
ccfepHHecKwe  MHKpoo6nacTM.  3to  0Ka3biBaeT  3HaHHTenbHoe  BJiMflHwe  Ha 
flncneprnpoBaHne  nepBMHHOH  3epeHHoPi  cTpyKTypbi.  Pa3BeTBJieHne 
>KHAKOCt>a3HblX  npOCJlOeK  M  CBq3aHHOe  C  STUM  yMeHbLUeHMe  MX  TOJlLlJMHbl 
6naronpn*THO  BJiMHer  Ha  MopcfconorMK)  3a3BTeKTMHecK0Pi 
cocTaBJifiKDLMeM,  KOTopaa  nacTO  (fcopMMpyeTca  no  MexaHH3My  tohkoto 
KOHmoMepaTa  cj)a3. 

TaKHM  o6pa30M,  mo>kho  OTMeTMTb,  hto  paciUHpeHMe  hm6o 
cyweHwe  TeMnepaTypHoro  MHTepBa/ia  nepHTemiHecKOM  peaKqMM 
Gjiaro/japfl  B03AeMCTBmo  TepMOKMHeTMHecKMX  cfraicTopoB  cnocoScTByeT 
H3MeHeHMK)  TeMnepaTypHoro  nm-epBana  3BTeKTMHecKoro  npeBpameHMfl. 
ripn  3T0M  B  CTaJIM  4X5M0A  npH  BbICOKOM  CKOpOCTM  H  y3K0M 
TeMnepaTypHOM  MHTepBane  nepMTeKTMHecKoro  npeBpau^eHHn  mo>kho 
HaSntoflaTb  npaimiHecKoe  BbiKJiMHMBaHMe  SBTeKTMHecKOPi  peaKL(MM  c 
o6pa30BaHneM  b  KaHanax  TOHKOflMcnepCHOM  KBa3M3BTeKTMKM  mjim  tohkoto 
KOHmoMepaTa  cpa3. 

© E. fl. KaniJHyuuKUH,  B.B.KoeaneHKO,  2000r. 
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BJ1MHHHE  JlErHPOBAHMfl  5KEJ1E30M  H  KMCJlOPOflOM  HA 
HKY  M30TEPMMHECK0M  KPMCTAJ1J1H3AUMM 
CIUIABA  Al  -  22%Si 

A.B.Ma3yp 

HaqiiOHaribHafl  MeTannyprMHeocan  AKa^eMUfi  yKpaMHbi, 
r.flHenponeTpoBCK,  YKpanHa 


1.  BBeAeHwe 

BOCTpeSOBaHHOCTb  MeTanmiHeCKMX  KOHCTpyKLJMOHHblX 

MaTepwanoB  coBpeMeHHOM  npOMbiLuneHHOCTbfO  3aBMCMT,  b  nepByK) 
OHepeflb  ,  ot  cooTHOLueHMH  ypoBHfl  mx  cny>Ke6Hbix  cbomctb  m 
SKOHOMMHeCKMX  HOKa3aTeneM  npOM3BOACTBa  M3A6nMM  M3  3TMX 
MaTepManoB  .  OnTMManbHan  crpyKrypa  cnnaBOB  m  KOMno3M4MOHHbix 
MaTepManoB  oSecnenMBaeT  HeoSxoAMMbin  ypoBeHb  mx  anyweSHbix 
CBOMCTB  ,  OflHaKO  T6XH0TI0rMHeCKMe  npMeMbl  no  AOCTM>KeHMK)  3aflaHHOM 
CTpyKTypbi  no-npe>KHeMy  ocrafOTCfl  Becbwa  AoporocTO«u4MMM  m  , 
3anacTyK) ,  SKonorMHecKM  BpeAHbiMM.  B  nacTHOCTM,  3a  nocneAHMe  15  neT 
HM  Ha  OAHOM  M3  npeAnpMHTMM,  npOM3BOAflLAMX  OTTWBKM  M3  CMJiyMMHOB  M 
ApyrMX  cnnaBOB  Ha  ocHOBe  anfOMMHMH  (3a  MCKnfoneHMeM  3aBOAa 
«nopujeHb»,  r.  AnMa-ATa)  He  6bin  BHeApeH  hobum  TexHonorMMecKMM 
npoLjecc,  KOTopbiM  6bi  oSecneHMBan  ynyniueHMe  KanecTBa  mf\enm  m 
CHM>KeHMe  6paKa  npM  OAHOBpeMeHHOM  yAeiiieBneHMM  npoM3B0ACTBa. 
HeKOTOpbie  3aBOAb!  OTKa3biBaKrrcn  ot  npMMeHeHMn  AOporocromuMX  m 
^AOBMTbix  MOAMc})MKaTopoB,  HaHOcn  ymep6  KanecTBy  M3Ae/iMM. 

B  to  >Ke  Bpewn  HaMeTMAMCb  onpeAeneHHbie  AOCTMweHMn  [1]  no 
ycneLUHOMy  BHeApeHMio  skohommmhom  TexHonorMM,  ochob3hhom  Ha 
TeMnepaTypHOM  o6pa6oTKe  pacnnaBa.  HoBbie  TexHonorMHecKMe  npMeMbl 
pa3pa6oTaHbi  Ha  6a3e  3aKOHOMepHOCTeM  bjim^hma  TeMnepaTypbi 
pacnnaBa  Ha  nepecTpOMKM  ynopnAOHeHHbtx  CTpyicryp  b  >kmakom  4>a3e  m 
3aBMCMMOCTM  OT  HMX  C|}a30B0r0  COCTaBa,  MeX3HM3Ma  M  KMHeTMKM 
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KpMCTannM3ai4MM  m  TBepflocpa3Hbix  npeBpatnemiM.  3tm  cfcatcTopbi 
onpe,qen^K)T  cnyweOHbie  cbomctbs  otjimbok.  OcHOBHbie  HayMHbie 
nono>KeHMfl  pa6oTbi  noflTBep>KfleHbi  He3aBMCMMbiMM  uccneflOBaHM^Mn 
[2]. 

B  HacToyunew  pa6oie  wccneflOBaHO  &nv\nme  Han6onee 
pacnpocTpaHeHHbix  npMMeceM  KMCJiopo,qa  m  >Kene3a  Ha  ycTOMHMBocTb 
n36bfT0HHbix  KpHCTannoB  MeTacTa6nnbHbix  m  (d  -<paz  m  Ha 
noc/iefloeaTentHocTb  cpa30Bbix  nepexoAOB  np  m  i43ot6pmmhbckom 
KpncTajinn3aL4mi  3a^BTeKTMHecKoro  cnnaBa  Al-Si. 

2.  Maiepwajibi  m  MeTOAMKa 

MaiepnanoM  MCcneAOBaHMfl  cny>KHJi  cnnaB  cMcreMbi  Al  -  Si, 
M3roTOBneHHbm  nyieM  crmasnemn  aniOMMHMfl  A99  (  TOCT  11069-74  )  h 
KpeMHMH  (  TOCT  19658-81  )  XiiMHHecKMii  cocraB  cnnaBa  (  Macc.  %  )  :  Si 
-  22  ,0  ;  Fe<  0,  018;  Ti  <  0,  001;  Cu  <  0,  002  ;  Zn  <  0,  0015  ,  npoMwe 
npiiMecM  <  0 , 001. 

B  KanecTBe  nnaBMiibHoro  arperaia  m  TepMOCTaia  Mcnonb30Ba/in 
nenH  conpoTMBneHHH  c  BHyrpeHHMMM  KopnycaMM  m3  Mame3MTa 
HMXpOMOBbIMH  HarpeBaTBJlHMM  ,  M30J1MpOBaHHblMH  OT  B03AyLUHOM  CpeAbl. 
XpoMerib-anK)MeneBb!e  TepMonapbi  0  0,  2  mm  b  tohkmx  anyHAOBbix 
Mexnax  6binn  BKJifOHeHbi  b  KOHTponbHO-M3MepnTejibHbie  npn6opb!, 
MMeKJlAMe  coOcTBeHHyK)  norpeiuHOCTb  M3MepeHMn  <  0,  01  %.  BpeMeHHOM 
HHTepBan  M3MeHeHMH  TeMnepaTypbi  pacnnaBa  npw  M30TepMMHecKOM 
BblAep>KKe  M  KpMCTanJlM3a!4MM  x  =  4,0  c. 

Turnu  BbicoTOM  15  mm  ,  BHyTpeHHMM  AnaMerp.OM  L^HnwHApa 
2,5mm,  TOJILAMHOM  CTeHKM  0,  25  MM  M3rOTOBMJlM  M3  CneKTpailbHO  MMCTOTO 
rpacj)MTa.  06pa3qbi  MecneAyeMoro  cmiyMMHa  noAHOCTbK)  3ano/iHfmn 
BHyTpeHHMe  npocipaHCTBa  TMrnen.  flocne  3arpy3KM  o6pa3Ma  KaxqbiM 
TMreJIb  3aKpblBaJlM  rpacjDMTOBOM  KpbILUKOM. 

PaOoneM  cpeAOM  TepMociaTa  cnyxoin  pacnnaB  Torowe  cocraBa, 
hto  m  MccneAyeMbiM  CMJiyMMH.  Macca  paSoneM  cpeAbi  TepMOCTaia 
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npeBoexoflMna  cyMMapHyto  Maccy  uccneflyeMoro  o6pa34a,  THmn  w 
norpy>KeHHyK)  b  TepMOCTaT  nacTb  noflBecKM  Turn*  6o/iee,  neM  b  100  pa3, 
HTO  n03B0AHA0  MMHMMM3MpOBaTb  TeHAOBbie  KOneSaHMJR,  B03HMKaK)LAMe 
npn  BBefleHMM  6onee  ropnnero  o6pa3Lia  b  paOonyio  cpeAy  TepMocTaTa. 
Bpewn  TpaHcnopTMpOBKM  o6pa3i4a  M3  nenn  HanaribHoro  HarpeBa  b 
fepMOCTaT,  a  3aTew  b  3aKanoHHyio  cpeAy  (  BO^a  co  AbAOM  )  He 
npeBbiiua/io  0,5  c.  Bwxoa  TeMnepaTypbi  o6pa3Lja  npn  TpaHcnopTMpOBKe 
ms  MHTepBana  THaM  -TM30TepM  BtlA  t3kmm  o6pa30M,  6bin  ncKAioneH. 

BpeMeHHbie  MHTepBanbi  M30TepMHHecKMX  BbiA©P>KeK  Bbi6npann  b 
cobTBeTCTBMH  c  [3]  no  coo6pa>KeHMHM  HawnyHiueii  conocTaBHMocTM 
pe3yilbTaiOB.  HHTepBaAbi  BbiAepwek  cocTaBAAAn  (  c  ):  3  ;  5;  7;  15;  20  ; 
37.  TeMnepaTypHbiw  MHTepBan  n30TepMHHecKnx  Bb!Aep>KeK  510  -  750°  C, 
iuar  M3MeHeHvifl  TeMnepaTypbi  10°.  HanaAbHyK)  TeMnepaTypy  HarpeBa 
pacnnaBa  830  °C  Bbi6pann  c  yneTOM  33boackom  npon3BOACTBeHHOM 
npaKTMKM.  CnnaB  BbiAep>KMBanM  He  MeHee  30  muh  npn  TeMnepaType 
HaHanbHoro  HarpeBa  c  Aeribio  ero  TepMOAHHaMMHecKOM  cTa6nAM3aAMn. 
UccWeAOBaHMH  MMKpocTpyicrypbi  o6pa3AOB  npoBOAHAM  no  craHAapTHbiM 
MeTOAMKaw  Ha  onTMnecKOM  npwOope  «Neophot-32»  h  pacrpoBOM 
aneKTpOHHOM  MnxpocKone  «  JSM-35». 

ilernpyiOLAMe  aneMeHTbi  bboahah  b  pacnnaB  b  bmag  nopowKOB. 
npHMeHAAM  XHMMHeCKM  HMCTOe  >KeAe30  M  Si02  (  B  KaneCTBe 
KncnopoAocoAep>KaLneM  AwraTypbi  ).  nocne  nempoBaHun  6a30Boro 
CMAyMiiHa  nojiyHMJin  Asa  cnAaBa  c  xMMCOcraBOM  .OTAMHaioiAMMCA  ot 
cocTaBa  6a30Boro  cnnaBa  :  b  nepBOM  cAynae  cnAaB  coAOpwaA  2  Macc.% 
Fe  m  bo  btopom  2  Macc.%  0. 

3  .  Pe3yAbTaTbi  SKcnepMMeHTa 

npM  MCCAeAOBaHMM  MMKpOCTpyKTypbl  06pa3l40B  nOCAe 
M30TepMMHecK0ti  Kpmjannmai\m  oOHapyweHbi  Te  >Ke  CTpyicrypHbie 
cocTaBAAK)U4ne,  hto  m  b  p$6GTe  [3].'  OcTaBLuancn  nocAe 
M30TepMMHecKoPi  BbiA6p>KKn  >KMAKafl  c})a3a  He  npeBpaiAaeTCA  b 
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KBa3M3BTeKTMKy,  a  pacnaflaeTca  Ha  orpaHeHHbie  nepBMHHbie  KpMCtannbi 
M  TOHKOflMCp4)epeH4MpOBaHHbie  3BTeKTMKM.  MOpC^OnOm*  M  06>eMHblB 
AOnM  3BTeKTMHeCKMX  COCTaBJlHK)L4MX  BeCbMa  pa3nHHaJOTCH  B 
3aBMCMM0CTM  OT  yCHOBMM  npMrOTOBJieHMfl  06pa3LJ0B.  Pa3HMl4a  B 
ceneHMHx  3aKanoHHb»x  M36biTOHHbix  KpMCTajuioB  m  ,  KpnciajiiiOB 
n30TepMHHecKoro  pocTa  flocTwrana  8-10  pa3.  3to  no3Bormno  Mexico 
MfleHTMejMLjMpoBaTb  mx  3apo>KA6HMe  b  pacn/iaBe  m  onpefleriMTb 
AnMTenbHocTb  MHKy6auMOHHoro  nepwoAa.  TaK  >Ke,  KaK  m  b  pa6oTe  f  3  ], 
o6Hapy>KeHbi  M36biTOHHbie  KpMCTanobi  TMna  K1,  K2  m  K3,  M3HaManbHO 
(npM  M30TepMMHecK0M  BbiAep>KKe)  npeACTaBJiHBUJMe  coOom 
MeTacTaOMnbHbie  npoMe>KyTOHHbie  cf)a3bi  TMna  cmjimmmaob  c 
paCTBOpeHHbIMM  B  HMX  npMMeCHbIMM  aTOMaMM  Fe  M  O,  Ha  KOTOpbIX  B 
npoi^ecce  oxna>KAeHMn  ccfropMMpOBanncb  KpMCTannbi  Si.  Ohm  hbjihiotch 
nceBAOMopc()030M  KpeMHMn  no  KpMCTannaM  stmx  MeiacTaOMnbHbix  c})a3. 
OSHapyxceHbi  TaioKe  m  Bee  noKa3aHHbie  b  [  1  ]  MopctyonorMHecKMe  TMnbi 
nOJIMKpMCTanJIMTOB  M  KOHmOMepaTOB  COBMeCTHO  paCTyLAMX  C()a3. 
KOHTpaCTHbIX  pa3J!MMMM  B  MOpCf>OnorMM  M36blTOHHblX  KpMCTanJlOB  M 
nofiMKpMCTannMTOB  b  o6pa3nax,  JierMpoBaHHbix  Fe  m  O,  m  b  6a3OB0M 
cnnaBe  He  Ha6nK)AanM. 

B  pe3y/ibTaTe  MCcneAOBaHMn  cnnaBa,  nerMpoBaHHoro  2  Macc.% 
KMcnopoAa  nocTpoeHa  A^arpaMMa  M30TepMMHecK0M  KpMCTajuiM3aiL|MM  - 
pMC.1,  cnnoiiiHbie  hmhmm. 


Pmc.1  flMarpaMMa 

M30TepMMHeCK0M  . 
KpncTannM3ai_|MM 
cnnaBa  Al-Si-O. 

0  5  7  8  T,a 
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riyHKTMpHbiMn  HaMeneHbi  KpMBbie  Hanana  m  OKOHnaHMn 

KpMCTaiinM3aLJimi  6a30Boro  cnnaBa  [1].  Bbiuje  730°C,  KaK  m  b  cnynae  [  3  ], 
coxpaHneTcn  >KnAKocpa3Han  o6nacrb,  ycTOMHMBan  bo  BceM  BpeMeHHOM 
MHTepBane  M30TepMMHecKMX  Bbiflep>KeK.  Hn>Ke  730°C  HaHMHaeTcn 
HW3KOTeMnepaTypHafl  oOnacTb  3apo>KAeHMfl  m  pocia  nepBMHHbix 
KpucTannoB  MeTacTaOMnbHon  cpa3bi.  MHKyOaLjMOHHbiM  nepnofl  ot  0°C  ao 
Hanana  3apo>KfleHMfl  TBepAon  cpa3bi  no  cpaBHeHMK)  c  HenerwpoBaHHbiM 
6a30BbiM  cnnaBOM  coKpaTi/incn  c  10  CflO  5  c  .  UteSbiTOMHbix  KpucTannoB 
(3-SI,  M30M0pCpHblX  nepBMHHbIM  KpMCTaJlJiaM  0)-4)a3bl,  B  MCCiieflOBaHHOM 
BpeMeHHOM  MHTepBane  He  Ha6jifOflann. 

B  MHTepBane  TeMnepaTyp  570-580°C  Ha6nK3flann 
oTHOCMTenbHbm  pod  ycTOMHMBOCTM  >kmakom  <t>a3bi.  nepBbie  KpMCTannbi 
r|~cj)a3bi  3flecb  3apo>Kflanncb  nepe3  15  c  nocne  Hanana  M30TepMMnecK0M 
BbiAep>KKM  npM  570°C. 

B  MHTepBane  570-540°C  pe3KO  yMeHbLuaeTcn 
npoflon>KMTenbHOCTb  nepMOfla  3apo>KfleHMn  TBepflOM  cpa3bi.  HanpMMep, 
npM  550°C  nepBMHHbie  KpMCTannbi  o6pa3yjOTcn  y>Ke  nepe3  3  c  nocne 
Havana  BbiAep^M,  b  to  BpeMfl,  Kan  b  HenerMpoBaHHOM  cnnaBe  -  nepe3  7 
c.  B  o6pa3Aax  nocne  3aKanKM  b  bma©  M36biTOHHbix  KpMCTannoB 
o6Hapy>KMnM  TonbKO  p-Si  M30M0pcpHbtM  r)-cf)a3e,  ho  hmtag  He  6bino 
o6Hapy>KeHO  M36biTOHHbix  KpMCTannoB  M30M0pcpHbix  G)-cpa3e.  Tbkmm 
o6pa30M,  «ocrpoBOK»  ycTOMMMBOCTM  B  HenerMpoBaHHOM 

6a30B0M  cnnaBe  npeBpaTMncn  b  nonHOMacurraOHyK)  oSnacTb  npM 
nerMpoBaHMM  cnnaBa  2  Macc.%  O,  npM  stom  nonHOCTbio  noAaBnnnocb 
33pO>KA6HMe  KOHKypMpyKJLAGM  MeTaCTa6MnbHOM  C0-Cpa3bl. 

npM  530°C  onnTb  yBenMMMBanacb  ycTOMHMBOCTb  >kmakom  cp a3bi, 
nocne  20  c  M30TepMMHecK0M  BbiAep>KKM  o6Hapy>KMBanM  CBMAeTenbCTBa 
OAHOBpeMeHHoro  3apo>KqeHMn  m  SypHoro  pocTa  nepBMHHbix  KpMCTannoB 
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\a  KOonepaTMBHO  pacTymux  KpucTajinmoB  aBTeicruMecKoro  m 
nepmeKTHHecKoro  reHe3nca. 

TaKMM  o6pa30M,  b  cnnaBe,  nempoBaHHOM  KMcnopo,qoM, 
nepBOHananbHO  HarpeTOM  <qo  830°C,  b  MHiepBane  750-510°C  3a  BpeM* 
flo  37  c  BKniOHUTejibHO  nponcxofljiT  cneflyfoinwe  npoijeccbi 
M30TepMMHecKMx  npeBpameHnn; 


750  -  730°  C:  >K  ->>K 


ycToflqMBan 


720  -  590°  C:  >K  H3m  ->  >K  +r\ 


580  —  570°  C:  >K  Ha4-  — >  noBbiwycT.  — >  +  n 

560  -  530°  C  :  >K  HaH  — >  >K  +  — >  )K  +  rj  +  a  +  (  r\  +  a)  3  — > 

>k  +  r|  +  a  +  (a+p  )  3  ->a+  p+  (  a  +  p  )  3  +  (  a  +  AIFeSi )  a. ' 
npn  MCcneflOBaHMM  crinaBa,  riempbBaHHbro  2  Macc  %  Fe, 
npoQfecc  ctpyKtypdo6pa30BaHM«  npM  MSOTepMHHecKMX  BbinepwKax  TaioKe 
MMen  dytliidcTBeHHbie  otjimhm9  of  hpoLiecca  b  6a30B0M  cnnaBe  -  pnc.2. 


Pnc.2  fluarpaMMa 
M30TepMMHeCKOPl 
KpncTannM3aL4Hn 
cnnaBa  Al-Si-Fe. 

?  5  7  ff  T,c 


npn  TeMnepaiypax  H30TepMMMecKMX  BbiflepweK  ot  750  no  700°C 
>KMAKan  cpa3a  ycTOMHMBO  cymecTBOBana  bo  bccm  nccneflOBaHHOM 
BpeMeHHOM  MHTepeane.  flepBbie  n36biTOHHbie  KpncTannbi  p-Si  b 
3aKaneHHbix  o6pa3L\ax,  yKa3biBaK)U4ne  nonoweHwe  nepBMMHbix 
KpucTarmoB  o>-cpa3bi  n  M30MOpcpnbie  mm  ,  nonBnnncb  npn  ycnoBMnx 
M30TepMMHecKOM  Bbiflep>KKM:  700oC,  37  c.  Co  cnnweHneM  TeMnepaiypbi 
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Bb!flep>KKM  nHKy6auM0HHb!M  nepnoA  3apo>KfleHMfl  CO-  KpucTannoB  GbicTpo 
yMeHbLuaeTCJi  n  npw  580°C  nepBMHHbie  Kpucrajinbi  co-(£a3bi 
o6Hapy>KMBanM  y>Ke  Mepe3  5  c  nocne  Hanana  Bbiflepmu.  B  6a30B0M 
cnnaBe  b  TeMnepaTypHOM  MHTepBane  750-580°C  HanGonee  paHHiie 
co-KpMCTannbt  nonBnnnncb  nepe3  7  c  npM  580°C.  TaKMM  o6pa30M,  npn 
nempOBaHMM  MHKyGaLjnoHHbiM  nepwofl  yMeHbinaeTCfl. 

B  MHTepBane  580-570°C  ycTOMHMBOCTb  >kmakom  4>a3bi  B03pocna, 
nepBMHHbie  KpMCTannbi  co-cpa3bi  3apo>KAanncb  nocne  15  c  Bbi,qep>KKM.  B 
MHTepBane  560-540°C  MHKyGaqnoHHbiM  nepMOA  co-c|)a3bi 

onnTb  coKpaTMncn  flo  5  c  npM  550°C.  npM  530°C  ycTOMHMBOCTb  >kmakoctm 
onnTb  B03pocna.  Hepe3  37  c  M30TepMMHecK0M  BbiAepmn  npM  stom 
TeMnepaType  HaGmcAa*™  cneAbi  oAHOBpeMeHHoro  3apo>KAeHMH  m 
GypHoro  pocTa  nepBMHHbix  KpMcrannoB  m  KpMCrannMTOB  coBMecTHO 
pacTymMX  <t>a3. 

B  OTnMHMe  ot  cMTyaMMM  b  cnnaBe,  nerMpoBaHHOM  KMcnopOAOM,  b 
cnnaBe,  nempOBaHHOM  >xene30M,  He  npoMCxoAnno  nonHoe  noAaeneHne 
o6pa30BaHMn  nepBMHHbix  KpMCTannoB  ochobhom  KOHKypMpyioLneM 
MeTacTaGnnbHOM  r|-cf)a3bi,  OAHaKO  AJWTenbHOCTb  MHKyGannoHHoro 
nepMOAa  ao  Hanana  3apo>KqeHM8  rj-KpMCTannoB  no  cpaBHeHMio  c 
npoqeccoM  b  6a30B0M  HenerMpOBaHHOM  cnnaBe  B03pocna.  TaK  npM 
60b°C  MHKyGaAMOHHbiM  nepMOA  AJia  rj  yBenMHMncn  ot  7  c  ao  20  c,  npM 
550°C  -  OT  5  C  AO  1  5  C  COOTBeTCTBeHHO. 

TaKMM  o6pa30M,  b  cnnaBe,  nempOBaHHOM  2  Macc.%  Fe, 
nepBOHananbHO  HarpeTOM  a°  830°C  ,  b  MHTepBane  TeMnepaTyp 
750-51 0°C  npM  M30TepMMHecKMX  BbiAep>KKax  ot  3  c  ao  37  c 
BKniOHMTenbHO  npOMCXOA^T  cneAyioiAMe  npoL^eccbi  M30TepMMnecKMX 
peaKi4MM  : 

750  -  700  °C  ;  }KHaM  ^  ycTofiMHBaa 
700  -  680  °C  :  >K  nan  ^  >K  +  co 
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680  -  590  °C  :  >K  nan  ->  >K  +  ©  ->  >K  +  co  +  Tj 

580  -  570  °C  >K  HaM  — >  XC  noBbim  ycT.  +  co->-  >K  +  co  +  t) 

560  -  530  °C:  >K  HaM->  >K  +  co  +  r|-»>K  +  r|  +  (cD  +  ii)3 


Pmc.3  fluarpaMMa 
M30TepMMHeCK0il 
KpucTannuaaqmi 
cnnaBa  AI-22Si . 


4.  06cy>KqeHMe  pe3yjibTaTOB  aKcnepiiMemra 

MeiacTa6nnbHbie  cf>a3bi,  o6pa3yK)LAiiecn  nepBbiMM  b  npoqecce 
Kpncranmi3a  141111  cnnaBa,  co^qep^aT  neKOTopoe  KonimecTBO  aneMeHTa  - 
CTa6nnn3aTopa,  6e3  KOTOporo  nx  TepMOAMHaMMHecKan  ycTOMMMBOCTb 
BecbMa  cyu^ecTBeHHO  cHii>KaeTcn,  nnn  He  nBnneTcn  flocTaTOMHow  Ann 
o6pa30BaHwn  nepBnHHbix  KpncTannoB.  r|-ct)a3a  nBnne-rcn  TBepflbiM 
pacTBopoM  KMcnopofla  b  cmniMHfle,  coAepwameM  18,5  Macc.%  Si. 
CmuiMMaHHT  ii  MoryT  06pa30BbiBaTb  Mexviy  co6om 

HenpepbiBHbiii  p*A  TBepflbix  pacTBopoB,  t.k.  mx  peujeTKM  M30Mop4>Hbj  m 
MMeroT  6nn3Kne  napaMeTpbi. 

0-4)838,  CTa6nmi3npyeMafl  npiiMecHbiM  >Kene30M,  MMeeT 
reKcaroHanbHyK)  KpiicranniiHecKyio  pemeTKy.  >Kene3oanK)MiiHiieBbiM 
cwniiqiiA  Fe3Si2AI12  (a-c{)a3a)  M30M0p4>eH  co-4>a3e  [  4  ].  CneflOBaienbHO, 
Mexcfiy  hmmm  Taioxe  MoweT  pacnonaraTbcn  HenpepbiBHbiii  pnA  TBepAbix 
pacTBopoB,  pa3nnHa)OLniixcfl  coAepwaHiieM  Si. 

BpeMn  >wi3HM  ii  CTeneHb  MeTacTa6nnbHOCTii  rj-  m  co-  <pa3  3aBncm 
ot  coaepwaHMH  aneMeHTa  -  CTa6iinii3aTopa  (O  AJifl  r\-  ii  Fe  Ann  co-4)a3bi) 
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b  crmaBe.  B  BbicoKonucTbix  ABOMHbix  cnnaBax  Al-Si  stm  npoMe>Kyt6HHbie 
cpa3bi  MMeKJT  BecbMa  ManyK)  creneHb  cTabMJibHocTM  m 
caMonpon3BonbHO  pacnaflajorcfl  BCJieflCTBMe  Manoro  coAepwaHMH 
CTa6nmi3MpyK)Li4Mx  oneMeHTOB.  BbicTpOTa  caMonpon3BonbHoro  pacna^a 
He  no3Bonnna  3a4>nKcnpOBaTb  am  cj:a3bi  b  npeAbiAyu^x  paSoiax. 
npHMaa  perHCTpapnH  MeTacTa6nnbHbix  cpa3  MeTOflOM 
pemreHOc})a30Boro  aHann3a  b  paSoie  [1]  m  nocneflytoiAHX  CTa/ia 
B03M0>KH0M  TonbKO  nocne  AonycKa  B  viccneflyeMbie  cnnaBbi 
AOCTaTOHHoro  KonwHectBa  aneMeHT0B-CTa6MJiM3aT0p0B. 

He  Bbl3b!BaeT  COMHeHMM,  HTO  AaHHblM  pe3ynbTaT  MO>KeT  HaMTM 
npHMoe  npoMbiLuneHHoe  npMMeHeHMe.  Hanpmviep,  oSteMHyjo  Ronto 
oxpynHMBajotAeii  aBTeKTHKw  (a+AIFeSi)  mo>kho  perynMpOBaTb 
TexHonorHHecKMMM  MeponpMBTMHMM  cTa6nnn3aMnn  ®-cf)a3bi  nyTeM 
BapbwpoBaHMH  TeMnepaiypbi  HanajibHoro  HarpeBa  m  pa3nnBKM  pacnnaBa 
m  cKOpocTbfO  ero  oxna>KAeHHH. 
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BJ1MBHME  JlErUPOBAHMB  AJ1K3MMHMEM  M 
KAPBMflOOBPA3yKDLMHMM  flOEABKAMH  HA  3BTEKTI/NECKYJO 
KPMCTAJ1J1M3AUHK)  BEIlblX  HYrYHOB 

M.O.Mameeeea,  r.E.Eenau,  B.H.EecnanbKO,  T.A.CoKonoea 
HaMMOHanbHaa  MeTajuiyprnHecKan  AKafleMM^  YKpawHbi 
r.  flHenponeTpoBCK,  YKpanHbi 

floBbiiueHiie  QKcnxiyaTaquoHHbix  cbomctb  m3hococtomkmx  nyryHOB 
Ha  npOT«>KeHMM  .a/iMTeribHoro  BpeMeHw  ocTaeica  aiaryajibHOM  3a Aanetf. 
BbicoKoe  KanecTBO  otjimbkm  oSecnenMBaeTcn,  b  ochobhom,  oahopoaho- 
CTbJO  crpyKTypbi  n  cbomctb  MaTpMLjbi  cnnaBa,  a  flo6aBKa  MHOKyjwpyK)- 
LL(ero  MO,ancf)MKaTOpa  anfOMMHnn,  KaK  M3BecTHO,  MHMMMMpyeT  3apo>Kqe- 
Hiie  rpacf)MTa  npn  KpncTajinn3ai4Mn  nyryHa. 

3tM  3aKOHOMepHOCTH  nOflTBep>KfleHbl  KOMnJlGKCHblMM  MCCJieflO- 
BaHHHMM  CTpyKrypbf  ottimbok  m3  fl03BTeKTMHecKMx  nyryHOB  cneAyiOLnero 
XMMMHecKoro  cocTaBa  (%  no  Macce):  ymepoA  2, 8-2, 9;  MapraHeLj  0,40- 
0,45;  KpeMHMM  0,70-0,75;  xpoM  0,09-0,10;  Bana^m  0,29-0,30;  P3M  0,25. 
Coflep>KaHMe  antOMMHMH  m  ynbTpaflMcnepcHoro  nopoujKa  (Yflri) 
Kap6MAoo6pa3yiOLMero  BapbupoBann  b  MHTepBane:  anioMMHMM  ot  2,0  ro 
6,0%;  Yfln  ot  0  ao  0,1%.  B  KanecTBe  Kap6nAOo6pa3yK)LJnero  Yflll 
Mcnonb30Bann  Kap6oHMTpMA  TMTaHa. 

TeMnepaTypHbie  napaMeTpw  KpncTannM3ai4MM  onbiTHbix  nyryHOB 
MCCjieAOBanM  MeTOAOM  BbicoKoieMnepaTypHoro  AW$cf)epeHi4ManbHoro 
aHanM3a.  O6pa60TKa  nonyneHHbix  A^HHbix  noKa3ana,  hto  3aBMCMMOCTb 
TeMnepaTypbi  Havana  m  KOHMa  3BTeicrMHecK0M  KpMCTannM3ai4MM  T3H  m  T3K 
onMCbiBaeTcn  ypaBHeHnnMM: 

T3H  =  1074+1 4,91  P3M+5,97Mn-30,36Cr-57,62V+60,83TiCN 
T3K  =  1 057+40,61  P3M+6,79Mn-27,09Cr-51,25V+62,08TiCN 

BmiflHMe  CTeneHM  nempOBaHMH  Ha  MHTepBan  KpMCTannn3ai4MM 
MMeet  neTKO  BbipaweHHbiM  3KCTpeManbHbin  xapaicrep.  Han6onbLijee 
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BrwfiHMe  Ha  napaMeTpbi  KpncTannn3ai4nn  6enoro  nyryHa  0Ka3biBaeT 

jiempOBaHne  BaHaflMeM  m  KapOoHHTpMflOM  TMTaHa. 

Ot  Meianna  Ka>KflOM  rmaBKM  0T6Mpann  o6pa3Ljbi 
MeTannorpacjDHHecKMx  nccneAOBaHHM. 

MeTannorpacjDHHecKHM  aHann3  OToSpaHHbix  o6pa3poB 
cb  ha  ©Ten  b  cTBy  eT ,  hto  nempOBaHMe  nyryHa  ajiiOMMHMeM  cnocoOcTByeT 

ocyiAecTBneHMK)  peaKpmi  >K  —>  A  +  T  m  b  cipyicrype  Bcex  onbiTHbix 
nnaBOK  HaPiiHDAaiin  o0pa3OBaHne  BKmoHeHMM  rpacpmra  (pnc.1  a, 6). 

BBeAeHHe  b  cruiaB  Kap6nAoo6pa3yK)LAMx  Yflll  hphboamt  k  o6pa- 
30BaHmO  KapSMAHOM  SBTeKTMKM  M  HOBbfUjeHHOMy  COAepwaHWO  Kap6HAOB 

b  MeTannHHecKOM  Maipmjie  qyryHa  (pnc.2  a,6).  3BTeicroMAHbiM  pacnaA 
aycteHHTa  nnn  Bcex  uccneAyeMbix  nnaBOK  npoxoAMfl,  b  ochobhom,  c 
o6pa30BaHiieM  nepnma,  h  nrnub  b  HeKOTOpbix  ynacTKax  aBTeKTOiiAHbivi 


Pnc.1.  CTpyicrypa  nyryna  c2%  antOMMHMH  (a),  6%  aniOMMHMH  (6) 

x  100 
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pacnafl  ocymecTBn^ncfl  no  peaKL\nn  A  O  +  r,  KaK  no  HOpMaribHOMy, 

TaK  m  no  a6HOpManbHOMy  MexaHH3My. 

TaKMM  o6pa30M,  MerannorpacjDMMecKMVi  aHami3  o6pa3L\OB  wccne- 
AyeMbix  nyryHOB  noKa3an,  hto  MUKpocTpyicrypa  otjimbok  coflep>KMT 
KapSuflHyK)  cf)a3y,  rpa<£>MT,  cfjeppm,  nepnm,  a  TaioKe  MenKOflMcnepcHbie 
KapGwflbt  m  Kap6oHMTpnflbi  nernpyjoiAnx  m  npMMecHbix  aneMeHTOB. 
BrmnHue  nernpyjoiAnx  aneMeHTOB  Ha  hmcho  BKnjOHeHMM  Ha  1  mm2  (h)  mx 
pa3Mep  (d)  mo>kho  npeflCTaBHTb  ypaBHeHWflMM: 

h  =  -0,84-11, 2Mn-44,1V-1,7Cr+197,95TiCN-5,9P3M  (lut/mm2) 

d  =2,4-1 ,2Mn-3,9V-1, 4Cr+29,3TiCN-8, 4P3M  (mkm) 

OflHaKO  KOJIMHeCTBOHHOe  COOTHOLUeHMe  C()a3  M  CTeneHb  XMMMHeC- 
KOH  OAHOpOflHOCTM  3TMX  Cf)a3  pa3nHHHa  (pMC.3).  B  OTnHBKaX  C  HM3KHM 
coaep>KaHMeM  aniOMMHMn  ao  2%  KonMnecTBO  Kap6nAHoPi  <t>a3bi  Benmo  h 
cociaBrmeT  npwMepHO  50-60%,  OHa  pacnonaraeTcn  b  Me>KAyBeTBMHX 
AeHApHTHbix  KpHCTannoB  aycTeHma.  noBbiiueHMe  coAepwaHHfl  aniOMM- 
hmh  b  nyryHe  ao  6%  npMBOAMT  k  w3MeHeHMK)  xapaicrepa  mi om  CTpyK- 

■cTOOJJv  i-' 

Typbi:  CHM>KaeTCfl  KonMnecTBO  Kap6nAHOM  cf>a3bi  ao  35-40%  m  yMeHbiua- 
eTCfi  pa3Mep  ee  BKnioHOHMM,  pacnonoweHMe  KOTopbix  CTaHOBmcn  6onee 
paBHOMepHbiM.  AHanw3  MMKpocTpyKTypbi  o6pa3LjOB  CBHAeienbCTByeT  o 
tom,  hto  k  MOMeHTy  Hanana  OBTeicroMAHoro  pacnaAa  aycTeHMT  xhmm- 
necKM  HeoAHopoAeH.  H3-3a  cwnbHOM  nHKBai^HM,  no-BMAHMOMy,  aniOMw- 
hha,  npoAyKTbi  ero  pacnaAa  MoryT  mvieTb  pa3nnHHoe  CTpoeHwe:  nepnirr 
MO>xeT  coAep>KaTb  i^eMeHTMT  (FeaC)  mhh  cnowHbtw  Kap6nA  Tuna  Fe3AICx. 
TaKoe  pa3JiMHne  b  MHKpocrpyicrype  nyryHa  uccneAyeMbix  nnaBOK  Aon- 
>kho  0Ka3biBaTb  Bnmme,  KaK  Ha  o6lamh  ypoBeHb  cbohctb  MeTanna 
OTnMBOK,  TaK  h  Ha  ypoBeHb  cbomctb  OTAenbHbix  CTpyicrypHbix  cocTaB- 
nnioiAHX. 
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fleMCTBMTenbHO  npn  noBbiLueHMn  coflepwaHMfl  aniOMMHMfl  c2flo 
6%  MMKpOTBepflocTb  npoayicroB  pacna^a  aycTeHMTa  noBbiwaeTCH  6onee 
neM  Ha  20%,  hto  Mo>KeT  6biTb  CBH33H0  c  nepepacnpeaeneHiieM 
ocHOBHbix  m  npMMecHbix  sneMeHTOB  b  aycieHme. 

floSaBKa  Kap6nfloo6pa3yK)ti^MX  Yfln  cnocoOcTByeT  noBbimeHHK) 
MMKpOTBepflOCTH  KaK  KapOMflHOM  (f)a3bl,  T3K  W  SBTeKTOWfla  npMMepHO  Ha 
10-15%. 

rionyHeHHbie  aaHHbie  xopoLiio  cornacyKDTCH  c  pe3ynbTaraMM 
MHKpocTpyKTypHoro  aHann3a  m  no3BonaK)T  caenaTb  BbiBOfl,  mto 
M3MeHeHne  pacnpefleneHHH  #opMbi  m  pa3MepoB  Kap6nAHOM  <$a3bi  b 
OTJIMBKaX  C  nOBblLUeHHblM  COflepWaHMeM  aJlKDMMHHH  (6%)  6/iaronpHHTHO 
BJiHHeT  Ha  CBoPicTBa  nyryHa:  coxpaHHB  flocrraTOHHo  BbicoKMM  o6lmmh 
ypOBeHb  MexaHMHeCKHX  XapaKTepHCTMK,  B  HaCTHOCTM  MMKpOTBepflOCTM, 
CBOMCTBa  OTflenbHbIX  CTpyKTypHbIX  COCTaBnHfOLUjMX  BblpaBHl1Ba»OTCH. 

©  M.O.Mameeeea,  r.E.Benau,  B.H.EecnanbKO,  T.A.CoKonoea,  2000r. 
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MOflEJIMPOBAHME  POCTA  KPHCTAJIJIOB  B  OHEHb  Y3KHX 
KAHAJIAX 

A.M.  Oepyu,KUU,  \AT.  PacuH 
flHenponeTpOBCKMki  rocyHMBepCMTeT 
r.flHenponeTpOBCK.  YKpaMHa. 

H3B6CTHO,  HTO  M0p(})0n0rMfl  SBTeKTMHeCKMX  KOnOHMM  CBfl3aHa  C 
4>opMaMM  pocTa  nepBi4HHb!X  KpucTannoB.  CornacHO  npaBuny  flweKCOHa 
XaHTa[1],  perynnpHan  CTpyiaypa  o6pa3yeTcn,  ecm  fln5i  oahom  M3  dpas 
xapaicrepHa  rpaHfran  <$opMa  pocia,  a  ajia  flpyroM  -  oKpyman.  OflHaKO 
SbiBatOT  cnynan,  xorfla  flBe  c()a3bi  c  rpaHHOii  cpopMOM  pocia  nepBMMHbix 
KpMCTannoB  o6pa3yK)T  perynnpHbie  sbtgktmkm  BMecTo  CTpyKTypbi  rpyOoro 
KOHmoMepaTa  [2].  TpaHHaa  cpopMa  pocTa  MO>KeT  6bHb  yiepnHa  npM 
yBenMneHMM  nepecbimeHMn  BcneflCTBue  pa3BMTMn  KMHeTMHecKOM 
LiiepoxoBaiocTM  [3].  H3BecTHO  TaK  >Ke,  HTO  rpaHHaa  cfiopMa  mo>kst 
nepeMTM  b  oKpymyK)  npw  yMeHbLueHMM  TonmMHbi  KpMCTanna,  T.e. 
BCJieflCTBMe  BiiMfiHMe  pa3MepHoro  c|)aKTOpa  [4,5]. 

Pe3ynbTaTbi  MOAenMpoBaHMH  pocia  SKCTpeManbHO  Manbix 
KpMCTannoB  mgtoaom  MoHTe-Kapno  [6]  cbm  a  eTen  bCTBy  iot  o  Ba>KHOM 
poxiM  m  pa3MepHoro  cpaicropa,  m  KMHeTMHecKOM  LuepoxosaTOCTM.  MeM 
MeHbLue  pa3Mep  KpMCTanna,  TeM  Oonbwe  CABM>KKa  TM66ca  -ToMCOHa, 
HeoSxoAMMa^  a^^  oSecneHeHun  ero  paBHOBecMH  c  onpy>KaK)Li4eM 
cpeAOM.  B  CBH3M  c  yBeiiMHeHMGM  nepecbiUieHMfl  pacieT  aTOMHan 
LuepoxoBaTOCTb  noBepxHOCTM  pa3Aena  m  b  pe3ynbTaie  nonyrpaHHan 
c})opMa  CTaHOBMTCR  Bee  6onee  OKpymoM. 

Mb!  npoBefiM  MoHTe-Kapno  MOAenupoBaHMe  pocia  KpMCTannoB  b 
KaHanax  c  pasnMHHbiMM  ceneHMfiMM.  Mcnorib30Bancn  CTaHAapTHbm 
MeTOA  MOAenMpoBaHMfl  KpMCTannoB  Koccenn.  PaccMaTpMBanMCb  KaHanbi 
c  pa3MepOM  ceneHMn  80x80  m  40x160  (b  aTOMHbix  enmv\i\ax).  Ha 
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pa3Mepbi  KpHCTanna  b  HanpaBneHwn  pocia  He  HaKJiaflbiBanocb 
orpaHMHeHWH. 

fio  pe3yjitiTaTaM  MOflenupOBaHMfl  paccMiiTbi^anvicb  npocftmiM 
noBepxHOCTM  KpMCTannoB,  ycpeflHeHHbie  3a  OMeHb  Oonbiuoe  KonunecTBO 
qnKnoB  cneia.  Ha  pHcyHKe  1  noKa3aHO  ceneHMe  «paBHOBecHoro» 
KpHCTanna  (npM  oneHb  Manon  CKopoc™  pocia)  b  KaHane  c  KBaflpaTHbiM 

ceneHHeM  (3HTponnn  nnaBneHMn  AH/RTn;i=5.8,  rfle  AH-  MonnpHan 
TennoTa  nnaBneHwn,  R  -  ra30Ban  nocTOAHHan).  Ha  pMcyHKe  2  noKa3aHa 
«paBHOBecHan»  cftopMa  b  npnMoyronbHOM  KaHane  (AnMHHoe  ceneHne). 
Xom  nnomaAH  ceneHHM  KaHanoB  oflMHaKOBbi,  b  nepBOM  cnynae  MMeeT 
MecTO  nonyrpaHHan  cf)opMa  pocTa,  bo  btopom  -  oKpyrnan.  Bo  btopom 
cnynae  ToMCOHOBCKan  CABM>KKa  OTHOCHTenbHoro  nepecbimeHMn  (cm. 
noflnncn  k  pwcyHKaM),  Bbime  nacTOTbi  npncoeAMHeHHfi  m  oipbiBa  aTOMOB, 
BbiLiie  m  KMHeTMHecKan  ujepoxoBaTOCTb. 

ripn  MOflenMpOBaHMM,  TaK  >xe  KaK  m  b  SKcnepMMeHTax, 
HaSnjOAanocb  yBenuneHMe  OTHoernenbHoro  pa3Mepa  rpaHM  npw 
HeSonbiiiOM  yBemiHeHHw  nepecbiu^eHHn  (pocTe  KpHCTanna).  Bonbiue 
Toro,  OTMenanocb  nonBneHHe  rpaHH  npw  TeMnepaType,  npeBbiwaiomeM 
M3BecTHbie  ol^hkh  flnn  tohkm  pa3ynopnAOHHBaK)Lnero  nepexoAa, 
nonyneHHbie  mctoaom  MoHte-Kapno. 


Piic.  1  CeneHMe  «paBHOBecHord»  KpHCTanna  b  KaHane  80x80 


AH/RTnn  =  6,  a  =  0.055 
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Pn c.  2  CeneHMe  «paBHOBecHoro»  KpMCTanna  b  KaHane  40x160 

AH/RTnn  =6,  0=0.066 


Pmc.3  BepxHMe  4  nnocKOCTM  KpMCTanna  b  KaHane  80x80 
AH/RTnn  =5.3,  0=0.046 

ComacHO  pacneTaM  B.B.  BopoHKOBa,  paBHOBecHan  rpaHb  b  flBa 
pa3a  npeBbiuuaeT  pa3Mep  cpnyKTyMpyiOLnero  Ha  Hen  KpMTMnecKoro 
3apOAbiuja.  OKa3anocb,  hto  cpnyKTyaLjnM  3apoAbiiiia  oneHb  CMnbHO 
BnMniOT  Ha  ycpeflHneMbie  npocpMnM  B6nn3M  tohkm  nepexo^a.  Ann  6onee 
TOHHoro  onpefleneHMn  ycnoBMM  nepexo^a  ot  nonyrpaHHOii  k  OKpyrnoM 

(popMe  Ann  pa3Hbix  AH/RTn/1  onpeAennnncb  33bmcmmoctm  pa3Mepa 
rpaHM  m  pa3Mepa  KpMTMHecKoro  3apOAbiwa  ot  nepecbimeHMfl.  3a 
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paBHOBecHbiw  pa3Mep  rpaHM  npnHMM ann  TaKO n,  npn  kotopom  oh  b  2  pa3a 
ripeBbiLuan  pa3Mep  KpHTMHecKoro  3apoflbiiua.  Ha  pnc.  3  nOKasaHbi 
neTbipe  BepxHwe  aTOMHbie  nnocKOcm  Kpnciamia,  BKJiKDHan  AByMepHbin 
3apOflbiuj  (6ejibtM),  flnn  cnynan  pocia  c  Manon  CKOpocTbio,  KorAa 
pa3Mep  rpaHM  HeMHoro  6onbiue  paBHOBecHoro.  YBenMHeHne  rpaHM 
Ha6niOAaeTCH  numb  ao  HeKOTOporo  nepecbimeHHfl,  noTOM  rpaHb 
HaHMHaeT  yMeHbLuaTbcn,  hto  CBH3aHo  c  pa3BMTneM  KMHeTMHecKon 
mepoxoBaTOCTH.  «PaBHOBecHbm»  pa3Mep  rpaHM,  m  pa3Mep  KpMTMHecKoro 

3apoAbima  yMeHbmajOTCH  npw  yMeHbweHMM  AtMRTnn.  AnnpOKCMMaAMH 

3aBMCMMOCTM  pa3Mepa  KpMTMHeCKOrO  3apOAblLUa  OT  AIMRTnn  K  pa3Mepy 

AByMepHoro  Knaciepa  c  padoTon  o6pa30BaHMfl  nopnAKa  kT  no3Bonnno 
yTOHHMTb  TOHky  pa3ynopHAOHMBaio[Aero  riepexoAa.  4ha  KpMCTanna 

80x80  AH/RT™  =5.3+0. 1 

TaKMM  o6pa30M,  paBHOBecHan  cf)opMa  tohkmx  KpncrannoB  - 
nojiyrpaHHaa.  HeM  MeHbiue  3HTponnn  nnaBneHMH,  TeM  MeHbiue  pa3Mep 
rpaHM  Ha  paBHOBecHon  cfcopMe.  Pa3MepHbiM  acf3cf)eiCT  cBH3aH  c 
pa3BMTMeM  KMHeTMHeCKOM  LUepOXOBaTOCTM,  HO  B  TO>Ke  BpeMJl  3T0 
«paBHOBecHaH»  ujepoxoBaTOCTb  (KpMCTann  He  pacreT).  H3MeHeHne 
pa3Mepa  Kpncranna  m  <£opMbi  Me>t<4)a3Hbix  rpaHMLj  npw  yBejinneHMM 
nepeCbllAeHMH  MO>KeT  BJlMHTb  Ha  MOp0OnOrMK)  SBTeJCTMHeCKMX  kojiohmm. 
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UNIDIRECTIONAL  SOLIDIFICATION  OF  AL-SI  EUTECTIC  v, 

Edward  Guzik,  Dariusz  Kopyciriski  ,, 

.1$'  ’  "  -  '  ■  •  • 

Faculty  of  Foundry  Engineering,  University  of  Mining  and  Metallurgy 
Poland,  30-059  Krakow,  Reymonta  23 

The  pa$er  presents  results  of  the  research  op  unidirectional 
crystallization  of  a(AI)-Sj  alloys.  Relation  between  interlamellar  spacing  X 
and  growth  rate  v  has  been  established  by  the  use  the  Bridgman  type 
device  for  unidirectional  crystallization.  It  has  been  observed  that  the 
increase  on  growth  rate  v  results  in  the  decrease  of  value  of  parameter  X. 
The  shape  of  the  crystallization  face  of  a(AI)-Si  eutectic  and  the 
protrusion  of  a(AI)  by  the  leading  crystal  Si  are  also  presented. 

In  order  to  achieve  the  assumed  aim  a  specialized  device  for 
unidirectional  crystallization  of  Bridgman  type  with  vertical  temperature 
gradient  has  been  assembled.  The  method  is  based,  roughly  speaking,  on 
melting  of  entire  volume  of  metal  in  a  form  and  subsequently  on 
continuous  pulling  the  form  out  of  the  furnace  into  the  cooling  medium. 
The  device  for  unidirectional  crystallization  consists  of  electrical 
resistance  furnace,  cooler  and  drive  mechanism.  In  addition  it  is  equipped 
with  the  freezer  of  samples  and  the  microprocessor  that  stabilizes  the 
high  temperature  with  accuracy  up  to  2  °C  and  assures  required  speed 
range  of  crucible  with  liquid  metal  movement  in  the  furnace. 

During  the  unidirectional  crystallization  the  speed  of  the  sample 

translation  was  in  the  range  of  v  =  2.78  10‘5  -r  1.81  1 0'3  cm/s,  what  was  - 
in  first  approximation-  equivalent  to  the  eutectic  growth  rate.  The 
measurements  of  the  temperature  distribution  in  the  specimen  enabled  a 
determination  of  the  temperature  gradient  in  molten  metal  just  before  the 
solid  liquid  interface  (solidification  front).  The  temperature  gradient  in  the 
liquid  at  the  solidification  front  G  equals  105  K/cm. 

Due  to  the  unidirectional  crystallization  of  Al-Si  eutectic  alloy  and 
«freezing»  of  solidification  front  what  was  shown  in  Fig.1a,b.  Results  of 
160  - 
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metallographic  quantitative  analysis,  interlamellar  spacing  X  and 
protrusion  of  the  leading  phase  /  as  a  function  of  the  growth  rate  v. 


a)  b) 


c) 


Growth  rate  v,  cnrVs 


Fig.1.  Shapes  of  solidification  front  and  structure  -  a,b)  and  relationship 
between  of  interlamellar  spacing  parameters  X  and  I  of  Al-Si 
eutectic  and  growth  rate  v  -  c) 

Assuming  the  protrusion  /  of  the  faceted  phase  to  the  non-faceted  type 
phase  in  the  form  of  relation  [1]: 
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ISfp 

7G>,2fp  +  240rp 


(D 


where:  mp-liquid  slopes,  Co-concentration  difference  («length»)  of  eutectic 
tie-line,  r  -  Gibbs-Thomson  coefficient,  ©-wetting  angle,  f-volume 
fraction,  m-weighted  liquidus  slope,  n’.P-function  of  volume  fraction,  D- 
diffusion  coefficient  in  liquid 

This  parameters  has  been  calculated  for  Al-Si  (Fig.  1c).  On  the 
basis  of  observations  of  the  frozen  shape  of  Al-Si  eutectic  solidification 
front  has  been  stated  that  the  faceted  phase,  which,  in  our  case,  is 
formed  by  silicon  crystals  protrusion  second  a(AI)  wet  phase  in  the 
crystallization  process.  Faster  crystallization  results  in  smaller  protrusion 
value  of  silicon  crystals  phase  a(AI)  while  phenomenon  of  «overfreezing» 
or  effect  -  «halo»  [2]  (Fig.  1b),  of  one  phase  on  another  is  observed  at 
high  speed.  It  should  be  noticed  that  the  phenomenon  of  protrusing  of 
non-faceted  phase  (austenite)  by  wall  phase  (graphite)  has  been  clearly 
exposed  on  the  basis  of  example  of  irregular  graphite  eutectic  in  the  Fe-C 
alloy  [1].  Also  Al-Si  alloy  protrusion  phenomenon  of  the  phase  by  another 
has  been  clearly  revealed  by  Major  and  Rutter  [3]. 

Summarising  the  results,  of  the  modelling  of  irregular  eutectic 
growth  and  unidirectional  solidification  of  Al-Si  eutectics,  we  can  state, 
that  a  good  agreement  has  been  obtained  between  the  theory  proposed 
(1)  and  experimental  results. 
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DIRECTIONAL  SOLIDIFICATION  OF  GAS-EUTECTIC  ALLOYS  IN 
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(This  work  relates  to  Department  of  the  Navy  Grant  N0001 4-99-1 -4009 
issued  by  the  Office  of  Naval  Research  International  Field  Office  - 
Europe.  The  United  States  has  a  royalty-free  license  throughout  the 
world  in  all  copyrightable  material  contained  herein.) 

Directional  solidification  of  gas-eutectic  alloys  has  the  potential 
for  producing  unique  porous  structures.  A  process  for  producing  porous 
structures  from  a  hydrogen-saturated  melt,  called  GASAR  casting  [1,  2], 
has  been  modified  to  allow  directional  solidification.  Recent  experiments 
have  shown  that  highly  elongated  pores  can  be  cast  into  an  otherwise 
solid  structure  using  controlled  GASAR  directional  solidification.  The 
directional  solidification  rates  are  much  higher,  at  least  hundreds  of 
centimeters  per  hour,  than  the  rates  of  solidification  for  coupled  eutectic 
growth  of  solid,  two-phase  coupled  eutectics.  The  high  rate  of  casting 
makes  directional  GASARs  potentially  practicable  for  production  of 
unique  structures  with  elongated  pores  that  can  be  either  continuous  or 
discontinuous  in  the  direction  of  casting. 

During  GASAR  solidification,  the  metal  atoms  arrange 
themselves  into  an  ordered  crystal  structure.  For  most  metals  and  their 
alloys,  this  causes  the  solubility  of  gases  within  the  solid  to  decrease 
compared  to  the  solubility  in  the  liquid  phase.  A  supersaturation  develops 
at  the  solid-melt  interface,  causing  heterogeneous  nucleation  on  the  solid 
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phase  or  at  solid  inclusions  in  the  melt  and  subsequent  growth  of  a  gas 
bubble.  The  bubble  grows,  being  confined  only  by  the  solid  surrounding  it. 

Typically  the  GASAR  process  uses  a  pressure  vessel  to  contain 
gases,  at  least  one  of  which  is  soluble  in  a  molten  metal,  the  molten 
metal  itself,  and  a  mold.  After  saturating  the  melt  with  the  soluble  gas,  the 
molten  metal  is  poured  into  the  mold,  where  the  molten  metal  is 
solidified.  Somewhat  elongated  pores  can  be  achieved  by  controlling  the 
temperature  gradients  within  the  mold,  using  a  means  for  cooling  such  as 
a  liquid  cooled  chill,  but  control  over  the  direction  of  solidification,  rate  of 
solidification  and  temperature  gradients  within  the  melt  are  limited.  For 
commercially  pure,  lightly  alloyed  or  eutectic  metals,  the  underlying 
directionally  solidified  microstructure  at  these  growth  rates  is 
predominantly  columnar  or  columnar-dendritic.  The  gas  phase  grows  as 
pores  between  the  columnar  or  columnar-dendritic  solid,  and  are  defined 
by  the  shape  of  the  underlying  structure.  More  highly  alloyed  metals 
solidify  with  a  more  dendritic  microstructure,  resulting  in  more  complex 
pore  shapes.  Nevertheless,  highly  elongated  pores  are  possible  even  in 
these  more  highly  alloyed  metals. 

If  the  bubbles  hold  fast  to  the  solid,  eventually  the  bubbles  will 
become  trapped  within  the  solid,  creating  a  porous  structure.  During 
directional  solidification,  bubbles  generally  have  a  free  path  for  expansion 
in  the  direction  of  crystal  growth.  Therefore,  elongated  pores  are 
common.  If  the  gas  bubbles  grow  at  a  rate  equal  to  the  growth  rate  of  the 
solid,  then  bubble  growth  is  coupled  with  the  growth  of  the  solid  and 
highly  elongated  pores  are  possible.  The  axis  of  elongation  of  the  bubbles 
is  parallel  to  the  direction  of  heat  transfer.  If  the  advancing  free  surfaces 
of  the  bubbles  do  not  advance  as  rapidly  as  the  dendrites  or  columnar 
crystals,  then  the  gas  bubbles  will  be  encircled  by  solid  eventually, 
leaving  discontinuous  pores.  On  the  other  hand,  bubbles  that  advance 
more  rapidly  than  the  solid  lead  to  pores  that  have  an  increasing 
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diameter.  These  bubbles  extinguish  the  growth  of  neighboring  columnar 
dendrites  as  they  grow  ahead  of  the  mushy  zone.  This  causes  the 
diameter  of  the  pore  to  increase.  Then,  the  number  of  hydrogen  atoms 
required  to  extend  the  pore  incrementally  in  the  growth  direction 
increases  because  the  incremental  volume  of  the  pore  is  greater  (area  of 
bubble  cross-section  x  incremental  length).  Therefore,  if  the  total  amount 
of  hydrogen  available  for  pore  growth  remains  constant,  the  distance 
between  pores  must  increase  and  the  mean  diffusion  distance  of 
hydrogen  to  a  pore  must  increase.  This  has  a  stabilizing  influence  on  the 
bubble  growth  rate  because  the  rate  of  bubble  growth  is  directly  related  to 
the  mean  diffusion  distance.  Eventually,  the  rate  of  advancement  of  the 
bubble  equals  the  rate  of  advancement  of  the  dendritic  or  columnar 
crystals,  leading  to  steady  coupled  growth. 

The  schematic  in  Fig.  1  shows  the  gasar  processing  facility 
modified  to  enable  directional  solidification.  The  furnace  consists  of  two 
main  parts:  the  melt  chamber  and  the  module  for  directional  solidification. 
The  GASAR  furnace  was  supplied  to  the  Naval  Research  Laboratory 
(NRL)  by  the  National  Metallurgical  Academy  of  Ukraine.  Northrop 
Grumman  Corporation  designed  and  fabricated  the  module  for  directional 
solidification.  Final  integration  of  all  the  components  and  operation  of  the 
facility  has  taken  place  at  NRL. 

The  procedure  for  producing  a  directionally  solidified  gasar 
material  works  as  follows.  After  the  charge  metal  or  alloy  is  placed  in  the 
crucible,  the  melt  chamber  is  sealed  and  a  vacuum  drawn.  The  metal  is 
heated  in  an  argon-hydrogen  mix  to  a  specified  temperature,  melting  the 
metal  or  alloy.  Then,  the  melt  is  poured  into  the  mold  by  rotating  the 
entire  chamber  90  degrees.  The  melt  passes  through  a  funnel  and  fills 
the  mold  located  inside  the  DS  furnace,  which  has  two  heated  zones,  an 
insulated  zone  and  a  chilled  zone.  The  cylindrical  mold  is  joined  to  a 
steel  adapter  that  is  connected  to  a  stepper  motor.  The  stepper  motor 
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withdraws  the  mold  assembly  from  the  DS  furnace  at  a  prescribed  rate 
moving  the  mold  through  the  heated,  insulated  and  chilled  regions. 


Fig.  1  -  Schematic  of  the  directional  solidification  furnace. 

1  -  Copper  jacket:  2  -  cooling  coil  (water  cooled);  3  -  insulated  heating 
zone  1  (75  mm);  4  -  steel  mold;  5  -  insulated  heating  zone  2  (25  mm); 
6  -  insulating  layer;  7  -  O-ring  seal;  8  -  copper  chill  (water  cooled); 

9  -  adapter  to  stepper  motor 
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A  computer  process  control  and  data  acquisition  system  is  used  to  control 
the  processing  facility.  Some  of  the  variables  that  can  be  controlled  are 
pressure  of  hydrogen  and  argon  inside  the  chamber,  melt  and  crucible 
temperatures  and  speed  of  heating,  DS  furnace  temperatures,  and  the 
speed  and  timing  of  the  withdrawal  of  the  filled  mold  through  the  DS 
furnace.  Thermocouples  inside  the  mold  directly  measure  the 
temperature  gradient  in  the  melt  throughout  solidification. 

All  the  operations  described  above  can  be  completed  with  any 
ratio  of  inert  and  soluble  gases,  as  long  as  the  total  pressure  does  not 
exceed  30  MPa.  The  parameters  are  user  selectable  and  can  be  varied 
to  examine  the  effects  of  each  parameter  on  pore  growth  in  a  systematic 
manner.  All  settings  and  data  for  each  run  are  stored  on  the  computer  for 
subsequent  analysis.  This  facility  has  allowed  the  gathering  of  new 
results  about  the  mechanism  of  pore  nucleation  and  growth  during 
directional  solidification  in  GASAR  materials. 
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FORMATION  OF  GAS-EUTECTIC  STRUCTURES  IN  MAGNESIUM 
ALLOYS  DURING  DIRECTIONAL  SOLIDIFICATION 

L.  Boyko  3,  J.  Wolla  b,  B.  Rath  b 

a)  National  Metallurgical  Academy  of  Ukraine,  Dnepropetrovsk,  Ukraine 

b)  Naval  Research  Laboratory,  Washington,  DC  USA 

(This  work  relates  to  Department  of  the  Navy  Grant  N0001 4-99-1 -4009 
issued  by  the  Office  of  Naval  Research  International  Field  Office  - 
Europe.  The  United  States  has  a  royalty-free  license  throughout  the 
world  in  all  copyrightable  material  contained  herein.) 

Directional  solidification  at  controlled  rates  of  migration  of  the 
solid/liquid  interface  enables  improvements  in  the  microstructure  and 
directional  properties  of  binary  materials  that  solidify  by  a  eutectic 
reaction.  The  materials  that  form  a  eutectic  through  a  gas/solid  reaction 
are  referred  to  as  «gasars.»  The  solidification  process  for  gasars  is 
capable  of  producing  porous  solids  with  controlled  longitudinal,  cylindrical 
pores  that  are  important  for  a  variety  of  applications,  such  filters  and  heat 
exchanger  elements.  During  the  gas-eutectic  solidification  process,  two 
phases  -  crystalline  and  gaseous  -  precipitate  from  a  liquid  simultaneously 
[1].  A  feature  of  this  reaction  is  that  gas  does  not  have  its  own  shape  and 
occupies  space  between  growing  crystals.  It  is  necessary  to  maintain 
equality  of  growth  rates  for  the  crystal  and  gas  (bubble)  for  gasar 
production  with  longitudinal,  cylindrical  pores.  However,  the  rates  of 
solidification  and  the  partitioning  of  the  gas  at  the  solid/liquid  interface, 
the  latter  controlled  by  the  diffusivity  of  the  gas  in  the  liquid,  could  differ 
significantly.  For  example,  if  the  growth  rate  of  gas  bubbles  exceeds  the 
grdwth  rate  of  directional  solidification  the  cooperative  phase  formation  is 
disrupted,  resulting  in  a  random  distribution  of  pores. 
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The  purpose  of  this  work  was  to  study  the  directional  solidification 
features  of  magnesium  alloys  charged  with  hydrogen.  In  particular,  the 
goal  was  to  identify  and  develop  the  basic  technological  parameters  to 
control  the  mechanism  of  gas  bubble  initiation  and  growth.  A  Mg-AI-Zn 
alloy  (AZ-31F)  was  chosen  for  this  study  because  of  its  industrial 
importance  and  the  compatibility  of  this  alloy  with  the  gasar  process. 

The  experiments  were  carried  out  using  the  specialized  gasar 
facility  located  at  the  Naval  Research  Laboratory  that  has  been  described 
previously  [2],  The  formation  of  longitudinal  pores  during  directional 
solidification  as  a  function  of  the  processing  parameters  such  as  melt 
temperature,  mold  furnace  temperature,  hydrogen  partial  pressure,  speed 
of  mold  withdrawal  from  the  mold  furnace,  and  total  pressure  during 
solidification  were  investigated  (fig.1).  It  was  revealed  that  increasing  the 
hydrogen  pressure  from  0.15  MPa  to  0.65  MPa  during  solidification 
increased  porosity  and  pore  density,  but  the  pore  structure  became  more 
ellipsoidal  in  shape.  Increasing  the  total  pressure  during  solidification  up 
to  0.5  MPa  resulted  in  decreased  porosity,  while  pores  became  more 
elongated.  Increasing  melt  temperature  during  hydrogen  saturation 
resulted  in  an  increase  in  porosity,  but  destroyed  the  cooperative  growth 
of  gas  and  solid  phases  during  solidification.  Directional  solidification  of 
metal-gas  structure  for  this  alloy  is  observed  in  a  mold  furnace 
temperature  interval  of  790-820  °C.  Variation  of  the  speed  of  withdrawal 
strongly  influenced  the  final  pore  structure.  It  was  determined  that  the 
process  of  longitudinal  pore  formation  is  very  sensitive  to  the  processing 
parameters  and  requires  precise  control  of  the  variables  to  obtain  a  state 
where  the  speed  of  solidification  equals  to  speed  of  bubble  growth.  The 
best  results  are  obtained  in  an  interval  from  3  to  3.5  m/hour. 

Metallographic  analyses  of  the  specimens  revealed  distinct 
microstructural  features  at  the  terminal  end  of  the  pores  (fig.2).  These 
variances  in  microstructure  resulting  from  the  solidification  of  the  alloy 
are  suspected  to  contribute  to  the  stoppage  of  pore  growth.  The 
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Fig.  1  Porosity  dependence  in  AZ31-F  magnesium  alloy  on  processing 
parameters:  a  -  solidification  pressure,  Ps;  b  -  partial  hydrogen 
pressure*  PH;  c  -  melt  temperature,  Tm;  d  -  speed  of  withdrawal 


Fig.  2  Solid  crust  and  small  bubble  precipitation  ahead  of  the  pore  at 
the  terminal  end  of  the  pore.  a-IOOx;  b-50x 

L.  Boyko,  J.  Wolla,  B.  Rath ,  2000. 


170 


©Eutectica-V 


SBTeKTMKa  V 


mechanism  by  which  this  microstructure  forms  is  not  clear  and  requires 
further  investigation.  However,  these  results  provide  insight  for 
developing  a  model  for  pore  growth. 
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3BTEKTMHECKME  CriJflABbl  HA  OCHOBE  BOPMflOB 

tO.B.IladepHO,  B.H.fladepHO,  B.B.0ununnoe 
HHCTMTyT  npoSneM  MaiepnanoBefleHMA  HAH  YKpaMHbi 
rKweB,  YKpanHa 

B  nocneAHee  BpeMH  MaTepManoBeAnecKan  HayKa  yAenaeT 
60J1blilOe  BHMMaHMe  C03AaHHK)  KOMHOSMLJMOHHblX  CMCTeM,  B  KOTOpbIX  MO- 
ryT  6biTb  peann30BaHbi  6onee  BbicoKMe  (f)M3MKO-MexaHMHecKMe  xapaK- 
TepMCTMKM,  HeM  y  Cf)OpMMpyK3lJ4MX  MX  MHAMBMAyailbHblX  KOMnOHeHTOB. 

flepCneiCTMBHblM  nyTeM  B  pa3BMTMM  K0Mn03MpM0HH0M  TeXHO/IOrMM 
HBnneTcn  HanpaBneHHaa  KpMCTanriM3ai4Ma  SBTeicrMHecKMx  cnnaBOB.  B 
3tom  cnynae,  nocKonbKy  CTpyKTypa  KOMno3ma  cfjopMMpyeTca  “in-situ”, 
neM  MCK/iioHaK)TCfl  TpyAoeMKMe  onepai^MM  nonyneHMfl  bojiokoh  m 
nocneAywLMero  BBeAeHnn  mx  b  MaTpMqy,  TexHOJiorMHecKMM  npoL4ecc 
npeACTaB/ineT  co6om  eAMHyjo  onepaL|mo. 

Oco6biM  MHTepec  npeACTaBrmKrr  KOMno3Mi4MM,  b  cociaB  KOTOpbix 
bxoaht  TonbKO  HeMeianriMHecKMe  BeiijecTBa,  TaK  Kan  MMeHHO  b  hmx 
B03M0>KH0  COXpaHeHMe  npOHHOCTHbIX  CBOMCTB  npM  BbICOKMX 
TeMnepaTypax  SKcnnyaTauiMM. 

Ann  KBa3M6MhiapHbix  CMCTeM  6opM ah bix  c£a3  peAK03eMenbHbix 
Me'B6  m  nepexoAHbix  MeflB2  MerannoB  xapaKTepHbi  SBTeKTMHecKMM  mn 

B33MM0A6MCTBMa  M  npaKTMHeCKOe  OTCyTCTBMe  B33MMH0M  paCTBOpMMOCTM 
KOMnOHeHTOB  B  TBepAOM  COCTOHHMM,  HTO  06ecneHMBaeT  CTa6MJ1bHOCTb 
c()a30Boro  cociaB  a  cnnaBOB  m,  cneAOBaTenbHO,  cbomctb  b  lumpokom 
TeMnepaiypHOM  Anana30He. 

TaKan  cneLAictMKa  B3aMMOAeMCTBMfl  6opnAHbix  cfca3  Me!B6  m  MeuB2 
o6“bncHneTca  pa3nMHMHMM  b  CMMMeTpMM  aneKTpOHHbix  o6onoHeK  d-n  f- 
MeiaxinoB,  a  cneAOBaTenbHO,  m  pa3nMHMflMM  b  xapaiaepe  XMMMHecKOM 
CBA3M  M  CMMMeTpMM  KpMCTanJlOB  COOTBeTCTByjOlAMX  $83 . 
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OBTeKTMHeCKMM  TMn  B3aMM0fleMCTBMfl  3TMX  OopMflHblX  (£a3  M 

*V' 

oco6eHHOCTM  mx  CTpyKTypbi  oOecneHMUM  b  nponecce  coBMecTHOM 
KpMCTajlJlM3aL4MM  06pa30BaHMe  flByX  B3aMMH0  npOHMKatOLUMX  TMnOB 
KpucTanjiMiOB,  npuneM  KySunecKafl  reKcaOopMflHaa  cf>a3a 
KpncTannM3yeTCfl  b  Biifle  KpynHbix  Kpucia/uiOB,  a  reKcaroHajibHaa 
flM6opMflHafi  -  b  BMfle  uronbMaTbix.  ycTaHOBneHo,  hto  npn  cobmocthom 
KpMCTannM3ai4MM  stmx  4>a3  rtpoaBJiaeTCH  3aK0H0MepH0CTb,  noAoOHaa 
npMHL^Mny  opueHTai^MOHHoro  m  pa3MepHoro  cootbgtctbmsi,  oflHaKO 
peajiM3yK)inaflca  He  b  otholughhm  napaMeipoB  CTpyicryp  oOenx  4>a3  b 
uienoM,  KaK  3T0  o6biHHO  MMeeT  MecTO  b  cnynae  MeTarmMnecKMx  CMCTeM, 
a  TOJlbKO  B  OTHOLLieHMM  Cy6CTpyKTypHblX  3/ieMeHTOB  M3  aTOMOB  6opa. 

npM  KOMnneKCHOM  3/ieKTpOHHO  -  MMKpOCKOnMHeCKOM 
MccneflOBaHMM  dbino  ycTaHOBneHo,  hto  b  npOLjecce  HanpaBJieHHOM 
KpMCTajiJiM3ai^MM  pacnnaBa  CMecM  c|)a3  Me1B6-Mel,B2  CTeneHb 
coBepiueHCTBa  CTpyKTypbi  b  ochobhom  onpeAenaeTCH  KaK  cociaBOM 
MaiepMana,  TaK  m  ycnoBMHMM  KpMcramiM3aqMM.  Bo  Bcex  criynanx 
cfjopMMpyeTCH  MaTpMHHaq  (b  npeflene  MOHOKpMCTan/iMHecKaa)  cf>a3a 
reKca6opiifla  P3M,  b  kotopom  paBHOMepHO  pacnpefleneHbi,  TaioKe 
MOHOKpMCTa/UlMHeCKMe,  BODOKHa  AM6opMflHOM  (})a3bl.  OpMeHTaL^MH 
BonoKOH  cooTBeTCTByeT  HanpaBneHMK)  TennooTBOfla.  Pa3Mepbi  bojiokoh 
oSblHHO  COCTaBJlflKDT  0, 4-0,6  MKM  B  flMaMeTpe  npM  OTHOLLieHMM  flTIMHbl  K 
flMaMeipy  He  MeHee  500-1000,  hto  BnojiHe  cooTBeTCTByeT  KpMTepMHM 
OriTMMM3a4MM  MexaHMHeCKMX  CBOMCTB  apMMpOBaHHbIX  KOMnO3MT0B. 

YcTaHOBneHO,  hto  perynapHOCTb  CTpyKTypbi  KOMno3ML|MOHHbix 
MaTepManoB  Ha  ocHOBe  SopMflOB  cyu^ecTBeHHO  33bmcmt  ot  CTeneHM 
OTKJlOHeHMfl  OT  3BTeKTMHeCK0r0  COCTaBa.  3T0  n03BOn«eT  AOCTaTOHHO 
neTKO  onpeflenaTb  3BTeKTMHecKMM  cocTaB  M3ynaeMbix  CMCTeM. 

ycTaHOBneHo  Ha  npMMepe  nceBflocnnaBOB  CMCTeMbi  LaB6-ZrB2 

cyLAecTBOBaHMe  npaKTMHecKM  iiMHeMHOM  3aBtiCMMOCTM  Me>KAy 
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2 

.  KOJIMHeCTBOM  B0J10K0H  apMMpyJOUjeM  6opHAHOM  4)a3bt  B  1  CM  M 
CKOpOCTbfO  KpMCTaJinM3aMMM. 

noBepxHocTb  pa3pyojeHMfl  pa3pa6oTaHHbix  caMoapMMpoBaHHbix 
K0Mn03ML\M0HHbix  MaTepMaooB  xapaicrepn3yeTC«  HanunweM  KaK  cne/jOB 
BbipbiBa,  TaK  m  BbiCTynajoiuiMX  oTpe3K0B  BonoKOH.  PacnpocTpaHeHne 
TpeiMMHbl  npOMCXOflUT  C  MHOrOHMCneHHbIMM  CMemeHMflMM  Bflorib 
BonoKOH,  hto  HanoMMHaeT  TunuMHbiw  “ApeBecHbm”  m3jiom. 
B3aMMOAeMCTBMe  CppOHTa  Tpem^Hbl  C  AMCnepCHbIMM  HMTeBMAHbIMM 
KpucTannaMM  conpOBO>KAaeTCfl  BbiTarnBaHneM  BonoKHa  m3  MaTpmibi,  npM 
3tom  oSecnenuBaeTCfl  nx  CTporo  oAHOOCHoe  HanpflweHHoe  cocTOHHMe. 
TaKOM  xapaicrep  pa3pyuieHMfl  Tpe6yeT  AononHMTenbHbix  3HepreTMnecKMX 
3aTpaT  n  ABJineTCH  npMHMHOM  3HanMTenbHoro  noBbiweHMH 
rpeLMUHOCTOMKOCTM  m  npoHHOCTM  MaTepnanoB. 

KpoMe  Toro,  MOHOKpuciannuMecKMe  AwGopnAHbte  BonoKHa, 
o6naAajOLAne  bwcokom  CTeneHbio  coBepiueHCTBa  pearibHOM  CTpyKTypbi 
m,  cneAOBaTenbHO,  noBbitueHHOM  npoHHOCTbio  Ha  pacTaweHMe,  hto 
noATBep>KAaeTCH,  b  nacTHOCTM,  HanwHHeM  “uuomkm”  b  Mecie  pa3pbiBa 
BOJIOKOH,  BHOCflT  AOnOJIHMTe/lbHblM  BKJiaA  B  nOBbILUeHMe  npOHHOCTHblX 
xapaicrepMCTMK  pa3pa6oiaHHbix  KOMno3MAMOHHbix  MaTepviaooB. 

MexaHHHecKwe  CBOHCTBa  KOMno3moB  3HaHMTenbHO  npeBoexoAflT 
aHaooriiHHbie  xapaKTepMCTMKM  MHAMBMAyanbHbix  (pa3 .  MaTepnaobi, 
cooTBeTCTByKDLAMe  SBTeKTHHecKOMy  cociaBy,  o6oaAaK)T  HanSonbiuMMM 

3HaHeHMHMM  npOHHOCTHblX  CBOMCTB!  MX  3Cj)Cf)eKTMBHajl  Bfl3KOCTb 
pa3pymeHMH  (Kic)  cocTaBJiaeT  ao  25  MH/m3/2,  npeAen  npoHHOCTM  npw 
M3rM6e  -  1000-1200  Mfla,  ohm  oOnaAatOT  bwcokom  TepMOCTOMKOCTbK), 
hto  no3BonneT  bwmtm  Ha  KanecTBeHHO  HOBbiM  ypoBeHb  cbomctb, 
HeoOxoAMMbiM  A*™  mx  npMMeHeHMH  b  KanecTBe  BbicoKOTeMnepaTypHbix 
c(3yHKi4MOHanbHbix  m  KOHCTpyKqMOHHbix  MaTepManoB. 

PerynapHaa  cTpykrypa  HaOruoAaeTCH  m  b  MaTepnanax,  b  KOTopbix 
AMOopMAHan  cf)a3a  ccJ>opMMppBaHa  Ha  ocHOBe  B3aMMHbix  TBepAbix 
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pacTBOpOB  fliiSopuflOB  MeiannoB  IV  rpynnbi  nepMOAMHecKOM  cucTeMbi 

3JieM6HT0B.  MHTepeCHO  OTMeTMTb,  MTO  B  3TMX  cnyHanx  CTeneHb 

coBepLiieHCTBa  crpyKTypbi  m,  cneAOBaienbHO,  MexaHMnecKMe  cbomctb3 
He  raK  HyBCTBmejibHbi  k  ManbiM  M3MeHeHHHM  cocTaBa  KOMno3M4MM  KaK  b 
cnynae  MHAWBMAyajibHbix  fln6opnAOB,  hto  CBH3aHO  c  pacLUMpeHMeM 
oSnacieM  cyu|ecTBOBaHna  SBTeiorMKM  b  MHoroKOMnoHeHTHbix  CMCTeMax. 

UccneflOBaHHe  CTpytcrypbi  KOMno3ni_\nM  Ha  ocHOBe  SopMAHbix  cf>a3 
Apymx  peflK03eMenbHbix  MeTannoB  noKa3ano,  mto,  HanpMMep,  b 
3BTeKTM4ecKnx  CMCTeMax  Ha  ocHOBe  reKca6opnfla  eBponwa  c 
An6opiiflaMH  14HPKOHHH  m  racf>HMfl  cpopMHpyeTCH  aHajiomHHan 
BonoKHMCTan  CTpyKrypa. 

TaKMM  o6pa30M,  nonyneHMe  MaTepwanoB  Ha  ocHOBe  reKca- 
SopwAOB  peAK03eMexibHbix  MeTannoB  nyTeM  HanpaBJieHHOM  KpMCTa/i- 
nn3ai4nn  crmaBOB  3BTeicrnHecKoro  cociaBa  c  ncnojib30BaHneM  b  Kanecr- 
Be  apMMpywLAero  KOMnoHeHTa  am6opmaob  nepexoAHbix  MeTan/iOB  no3- 
BOJIMJIO  CCpOpMHpOBaTb  HOBblM  KfiaCC  K0Mfl03MI4M0HHb1X  CaMOapMM- 
pOBaHHblX  KepaMHHeCKHX,  B  MaCTHOCTH,  3Cf)Cf)eKTMBHbiX  TepMOSMMCCMOH- 
HblX  MaTepnanOB,  OTJIMHaiOLAMXCfl  nOBblLUeHHOM  TepMOCTOMKOCTbK). 

Pa3pa6oTaHHaa  TexHonormi  m  Mcnonb30BaHHoe  oSopyAOBaHMe 
no3BonnJin  nonyMaTb  HanpaBJieHH0-3aKpMCTamiM30BaHHbie  boaokhmcto- 
ynpOHHeHHbie  CTep>KHM  3BTeKTM4eCKMX  GopiiAHbix  K0Mn03HAMM  Kpymoro 
HUM  OBanbHOro  ceneHM*  AwaMeipoM  ao  14-16  mm  m  a/imhom  ao  150-200 
MM.  OAHOpOAHOCTb  CTpyKTypbl  M  BblCOKafl  npOHHOCTb  C03AaHHblX 
MaTepna/iOB  no3BOJiHKDT  M3r0T0BJiHTb  M3  hmx  M3AenMH  Manoro 
nonepenHoro  ceneHMa  (ot  0.2  mm2  npM  ToniAMHe  He  6onee  0.2  mm)  m 
6ojibLuOM  A-nnHb!  (ao  80  -  100  mm),  KOTOpbie  MoryT  6biTb 

HenocpeACTBeHHO  Mcno/ib30BaHbi  b  ycrpOMCTBax  coBpeMeHHOM 
BbicoKOTeMnepaiypHOM  TexHMKM  b  KanecTBe  4>yHKi4MOHaribHbix  m 
KOHCTpyKAMOHHbIX  SJieMeHTOB. 

©  tO.S.fladepHo,  B.H.fladepHO,  B.B.Qununnoe,  2000r. 
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MOflUcDMLlMPOBAHUE 
3BTEKTMMECKMX  Cn/IABOB 

INOCULATION  AND 
MODIFICATION  OF  EUTECTICA 
ALLOYS 


3BTeKTMK3  V 


MOflMOML|MPOBAHME  Cn/IABOB  HA  OCHOBE  AJlK)MMHMfl 

B.3.Kyu,oea 

HamiOHanbHaa  MeTannyprMnecKan  AKaaeMMfl  YKpaMHbi 
r.flHenponeTpoBCK,  YKpawHa 

O63op  coBpeMeHHbix  TeopMM  MOAnc{)Mi4npoBaHMfl  cnnaBOB  Ha 
ocHOBe  amoMHHHB  noKa3an,  hto  MexaHH3M  SToro  nBneHMn  ao  cmx  nop 
ocTaercH  AHCKyccMOHHbiM.  HecMOTpn  Ha  o6nnne  mnoTe3,  hm  oflHa  M3 
hmx  He  flaeT  qenbHOM  KapTMHbi,  MnniocTpnpyKDLAen  MHoroo6pa3ne 
HBfieHMM,  Ha6nK)flaeMbix  npw  MOAHcf)Mi4MpOBaHMM  cnnaBOB  Ha  ocHOBe 
aniOMMHMn ,  KaK  nmePtHbix,  TaK  n  AecfiopMMpyeMbix,  xom  b  kbjkaom  m3 
hmx  ecTb  paqMOHanbHoe  3epHO.  OTcyTCTBMe  eAMHoro  noAxoAa  k 
npoi4eccy  MOAMCpMqMpOBaHMn  BecbMa  3aTpyAHneT  npomo3npoBaHne 
HOBbIX  cnnaBOB  M  Bbl6op  A^«  hmx  3Cf)C|)eKTMBHblX  MOAMCpMKaTOpOB. 
fleranbHoe  MecneAOBaHMe  3aKOHOMepHOCTeM  CTpyKrypoo6pa30BaHnn  m 
cf)a30Bbix  npeBpatAeHMM  b  cnnyMMHax  m  A©4)0PMMPyeMblx  cnnaBax  Ha 
ocHOBe  anfOMMHMR  ao  m  nocne  MOAMCpMLjMpOBaHMfl  no3BonMno 
Bbipa60TaTb  o6ll|mm  hoaxoa  k  npOLieccy  MOAMCpMuiMpOBaHMn  stmx 
cnnaBOB  c  eAMHbix  no3Mi4MM  <$M3MK0-xMMMHecKnx  ochob  paLjMOHanbHoro 
nerMpOBaHMn.  3to  npeAnonaraeT  yneT  oco6eHHOCTeM  aneicrpOHHoro 
CTpoeHMn  cnnaBOB  n  ero  M3MeHeHMM  b  npoij(ecce  MOAncftMLinpoBaHMH,  a 
Taioxe  BbiAenneT  4)aKTop  pacTBOpMMocTM  3neMeHTa-M0Ancf)MKaT0pa  b 
<$a3ax  cnnaBa  KaK  oamh  m3  onpeAennioLAMx  b  3tom  npoLjecce. 

flpM  M0AMCpMi4Mp0BaHMM  CMnyMMHOB  BbiflBneHbi  cneAytoiAHe 
3aKOHOMepHOCTM  CTpyKTypoo6pa30BaHMfl  [1-2]: 

•  M3MeHeHMe  $OpM  pOCTa  3BTeKTMHeCKOrO  M  nepBMMHOrO 
KpeMHMeBoro  TBepAoro  pacTBopa  3a  cneT  pa3BeTBneHnn  BnnoTb  ao 
CMnbHO  pa3BeTBneHHbix  nnocKorpaHHbix,  CKeneTHbix  m  OKpyrnbix 
AOHAPhtob  m  ccpepOKpMdannoB; 
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•  CMemeHne  TeMnepaTyp  cpa30Bbix  paBHOBecnw  n  npeBpameHMM  c 
coxpaHeHMeM  mx  nocneflOBaTenbHocTM,  npMcymeM 
HeMOAMCpnqMpOBaHHOMy  cnnaBy; 

•  M3MeHeHwe  TeMnepaTypHO-KOHpeHTpaqMOHHbix  o6nacTeM 
cyLqecTBOBaHM^  nonMMOpcpHbix  MOflMCftMKapMM  KpeMHMH  BnnoTb  ao  nx 
BbiK/iMHMBaHMa  m  CTa6nnM3aL4Mfl  npM  KOMHaTHOM  TeMnepaiype  Cj3a3  Ha 
ocHOBe  BbicoKOTeMnepaTypHbix  MeTa/inn3MpOBaHHb!x  MOflwcpMKaMMM; 

•  M3MeHeHwe  <fca30Boro  cociaBa  cnnaBa  npw  npeBbiuueHMM 
onTMManbHbix  KOHLjeHTpaLiMM  MOflMCpMKaTopa,  noaBneHMe  cpa3  Tuna 
AlSiX  (X  -  3/ieMeHT  MOflMcpMKaTop). 

C  nOMOU^bHD  MeTOflHKM  CpM3MKO-XMMMHeCKOrO  MOfleJIMpOBaHMH 
npoBe,qeHa  KOJiMHecTBeHHan  opeHxa  btimahhh  MOflwcpMKaTopoB  Ha 
Me>KaT0MH0e  B3aiiM0fleMCTBMe  KOMnoHeHTOB  B  CMCTeMax  Ai-Si  m  Al-Si- 
Fe-Mg-Mn  c  yneTOM  Hew36e>KHoro  npncyTCTBMfi  b  CMCTeMe  h  b  peiueTKe 
KpeMHMH  aTOMOB  KHCnOpO^a.  AHanM3  COOTBeTCTByK)L4MX  napHblX 
B3aMMOfleMCTBMM  (Si-X,  O-X)  n03B0J1MJl  np0rH03Hp0BaTb 
MOflMcJ)MqMpyK)Li4yK)  cnoco6HOCTb  Toro  mjim  MHoro  aneMeHTa  flna 
cnnaBOB  KOHKpeTHoro  cociaBa.  Han6onee  3cf)c(}eKTHBHbiMM  b  KanecTBe 
MOflMCpMKaTOpOB  3BT6KTMKM  Al-Si  M  FiepBMHHblX  KpMCTaJIJlOB  p-Si 
j?bjihk)tch  Te  aneMeHTbi,  KOTopbie  o6ecneHMBaK)T  MMHMManbHyio 
CTeneHb  HanpaBneHHocTH  napHbix  CBH3eii  Si-X,  O-X  m  B03M0>KH0CTb 
MeTarmn3ai4nn  3a  cneT  3Toro  CB«3ew  b  TBep^oM  pacTBope  Ha  ocHOBe 
KpeMHMfl  (P-Si).  Pe3ynbTaTOM  MOAMcfmpMpoBaHMH  nepBMHHoro  m 
3BTeKTMHecKoro  KpeMHMfl  HBnaeTCfl  pa3BeTBneHne  3tmx  cf)a3  (iix 
M30Tp0nHblM  POCT),  BCneflCTBHe  MeTaJUlH3apMM  CBH3eM  B  KpeMHMeBOM 
TBepflOM  pacTBope.  Pa3BeTB/ieHne  KpncTannoB  KpeMHHesoro  TBepaoro 
paCTBOpa  B  npMCyTCTBHM  MOflHCpHKaTOpOB  npkl  OAMHaKOBOM 
nepeox/ia>KAeHHM  cBH3aH0  c  pacTBopeHMeM  aTOMOB  MOflMCpMKaTopOB  b 
peuieTKe  TBepfloro  paCTBOpa  Ha  ocHOBe  KpeMHMa,  cneflCTBMeM  KOTOporo 
HBJineTCH  yMeHbLueHMe  ASnn,  MeTarniM3apMfl  CBH3eM  3a  cneT 
o6pa30BaHM*  nap  Si-X,  O-X,  a  Tame  pacumpeHMe  TeMnepatypHO- 
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KOHL^eHTpai4MOHHoro  MHTepBana  cyu^ecTBOBaHMfi  e-TBepaoro  pacTBOpa  Ha 
ocHOBe  BbicoKOTeMnepaTypHOM  reKcaronanbHOM  MOAHCpMKaqMH  Si, 
BnnoTb  flo  CTa6nnn3aMMM  ee  npw  komh8thom  TewnepaType.  Ba>KHyK) 
ponb  b  npoL^ecce  MOAMCpMLjMpOBaHMfl  KpHCTa/uiOB  KpeMHVieBoro 
TBepAoro  pacTBopa  MrpatoT  ra30o6pa3Hbie  ripnMecn.  KucnopOA 
npen^TCTByeT  pa3BeTBJieHMK)  KpMCTarmoB  TBepAoro  pacTBopa  Ha  ocHOBe 
KpeMHMH,  o6pa3y«  b  peiueTKe  e-TBepAoro  pacTBopa  qenoH km  Si-O-Si  c 
flpKO  Bb!pa>K6HHblMH  HanpaBTieHHblMM  CBH3HMM.  BOAOpOA,  HanpOTMB, 
CTHMynMpyeT  pa3BeTBJieHne  KpMCTarmoB  g-TBepAoro  pacTBopa,  o6pa3y* 
KOMnneKCbi  Si-H  m  O-H,  ocnaSrmeT  v\m  pa3pyujaeT  MenoHKM  Si-O-Si  m 
pactuupneT,  KaK  sjreMeHTbi-MOAMcfcMKaTopbi,  TeMnepaTypHO 
KOHi4eHTpa4MOHHbiM  HHTepBan  cyiAecTBOBaHHH  g-TBepAoro  pacTBopa. 

CTpyKTypa  Aec})opMMpyeMbix  cnnaBOB  CMCTeM  Al-Mg-Si-Cu  m  Al~ 
Cu-Si-Mg  cf)opMMpyeTCH  b  pe3yjibTaie  L\enoro  pHAa  3BTeKTMHecKMX, 
nepMTeKTMHecKHX  m  nepMTeittMK0-3BTeKTMHecKMX  npeBpameHHM,  KOTopbie 
MM6KDT  B  3aBMCMMOCTM  OT  yCJlOBMM  OXJia>KAGHMH  OnpeAeJieHHyK)  CTeneHb 
3aBepLiieHHOCTM. 

MoAn4)M4HpOBaHne  Aec|)opMHpyeMbix  cnnaBOB  Ha  ocHOBe 
amOMMHMa  npHBOAHT  K  CJieAyJOLAMM  OCOSeHHOCTHM 

CTpyicrypoo6pa30BaHMH  [3,4]: 

-  nepBHHHbie  KpMCTarmbi  a-  Al  TBepAoro  pacTBopa  npM  BBeASHMM 
3AeMeHTOB-MOAHCt)HKaTOpOB  He  MeHHfOT  (J)OpMy  pOCTa  M  paCtyT  B  BHAe 
OKpyrnbix  a^haphtob  c  tom  mam  whom  CTeneHbio  pa3BeTBJl^HHOCTM  m 
pa3iiHHHbiM  ceneHMeM  BeTBevi; 

-  nocneAOBaTenbHOCTb  cf>a30Bbix  npeBpauneHMM,  xapaKTepnaa  A-na 
wcxoAHoro  HeMOAHC^HpHpOBaHHoro  cnnaBa,  coxpaHH.eTCH,  M3MeH5?K)TCfl 
nmub  mx  TeMnepaTypHO-KOHqeHTpaqMOHHbie  o6nacTM  peariM3aMMM 
BnnOTb  AO  MX  BblKJTIMHMBaHMH; 

-  npn  npeBbiLueHMM  onTMManbHbix  KOHqeHTpai^MM  MOAMcfcMKaTOpa 
nosBiiHJOTCH  (pa3b\  Tuna  AlmXn  m  BOcciaHaBJiMBaeTca  MexoAHaa 
HeMOAMC})Mi4MpoBaHHaa  CTpyKTypa; 
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-  M3MeHJieTC«  cf)a30BbiP!  cociaB  cnnaBa,  Tun  n  KonnnecTBeHHoe 
cooTHOLueHiie  MHTepMeTannuflHbix  cf)a3; 

-  Me,qbcoflep>KaLL^Me  MHTepMeTanjiM.qHbie  c|)a3bi  MeHniOT  cf)opMy  pocTa 
Ha  cmibHO  pa3BeTBneHHyK)  OKpymyfo,  o6pa3yn  tohko 
AMc{)4)epeHi4MpoBaHHbfe  SBTeKTMKn,  nw6o  pacnonara»oTCH  b  BMfle 
npocxioeK  b  Me>H^yBeTBMHX  a-  Al  TBepfloro  pacTBopa; 

-  >Kene30coflep>KaLHMe  MHTepMeTamiMflbi  He3HaHMTenbH0  pa3BeTBnn- 
tOTCH,  MeHHeTCfl  MX  CTeXMOMeTpMfl  M  KOriMHeCTBeHHOe  COOTHOLUeHMe  B 
cnnase; 

-  o6pa30BaHMe  Mamnnco,qep>Kainnx  <£a3  noflaBnaeTcn; 

AHajioniH  3aK0H0MepH0CTeM  npoqeccoB  CTpyKTypoo6pa30BaHnn 
b  HMTeMHbix  m  flecJjopMMpyeMbix  cnnaBax  Ha  ocHOBe  amoMMHMn 
n03B0flHeT  npe,qnO>KMTb  e/JMHblM  MexaHM3M  M0flMC|)HLjnp0B3HnH  3TMX 
cnnaBOB,  KOTopbin  6a3npyeTCH  Ha  npeflCTaBneHnnx  o  pacTBOpMMocm 
3JneM6HTOB-MOflMC|3MKaTOpOB  B  TBepflbIX  paCTBOpaX,  M3MeHeHMM 
Me>KaTOMHoro  B3aMM0fleMCTBMH  b  crmaBe,  b  pe3ynbTaTe  o6pa30BaHnn 
napHbix  cbh36m  n-x  (rfle  n  -  KOMnoHeHT  cnnaBa,  x  -  aneMeHT- 
MOflMcf)MKaTop,  HanpMMep  Af  -X,  Si  -  X,  O  -  X  m  T.fl.)  m,  KaK  cneflCTBMe, 
M3MeHeHMe  TeMnepaTyp  ct>a30Bbix  paBHOBecnw  m  npeBpaipeHMM  m 
pa3BeTBneHMe  KpMCTannoB  TBepflbix  pacTBOpOB  n  MHTepMeTannnflOB. 
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M3MEJlbHEHHE  3EPHA  CflJlABOB  CMCTEMbl  AL-SI 

K.  B.  MuxaneHKoe  u  0.  Wepweaa 
Hai^MonanbHbiM  TexHMHecKMM  YHMBepCMTeT  YKpanHbi 
rKnea,  YKpanHa 

CnnaBbi  Ha  ocHOBe  CMCTeMbi  Al-Si  nanni otch  ocHOBHbiMM 
MarepHanaMM  ripn  nonyneHMM  otjiubok  m  anioMHHnn  m  KOMMepneckoe 
3HaMGHwe  3tom  rpynnbi  MaTepnanoB  nocTOBHHO  B03pacTaeT.  OflHaKO,  H3- 
3a  npHcyTCTBMfl  b  CTpyKType  cnnyMMHOB  cpaBHMTenbHo  Gonbujoro 
oSbeMHoro  coflep>KaHna  xpymcoM  KpeMHiieBOM  3BTeicTMKM,  nnacTMHHOCTb 
3TMX  CnnaBOB  HBAfleTCH  HeBbICOKOM  (OTHOCHTeilbHOe  yflJIHHeHMe  Ha 
ypOBHe  3-5%). 

H3BGCTHO,  mo  floGaBKa  Na  mv\  Sr  b  AoaBTeicTMHecKMe  cnnaBbi 
CMCTeMbi  Al-Si  npMBOflMT  K  nOflBJieHMIO  3C})4>eKTa  MOflM(J)MLJMpOBaHMfl  T.e. 
M3MeHeHMH  MOpcjDOnOMM  SBTeiCTMHeCKOrO  KpeMHMH.  TaK,  BBeAeHMe  0.01% 
Sr  b  crmaB  AI-7%Si  no3BonneT  KapAMHanbHbiM  o6pa30M  M3MeHMTb  ero 
CTpyKTypy,  npMflaB  KpeMHneBOM  SBTeKTMKe  rnoGynapHbm  bma,  hto 
nono>KMTenbHo  CKa3biBaeTCH  Ha  3HaneHM ax  OTHOCMTenbHoro  yfliiMHeHMa 
MaTepnana. 

CyLAecTByeT  eii|e  pnp  cfiaKTopoB,  KOTOpbie  HenocpeflCTBeHHbiM 
o6pa30M  bjimhiot  Ha  crpyKTypoo6pa30BaHMe  MeTanna.  B  nepByio 
OHepeflb,  3to  ero  CKopocTb  oxna>KqeHMH.  YBeniiHeHMe  ckopoctm 
KpMCTarioM3ai4MM  3a  cneT  Aono/iHMTenbHoro  oxna>KfleHMjT  cfiopMbi 
coKpat^aeT  BpeMn  p,nn  pocia  3BTeKTMHecKMX  -  kojiohmm  m, 

COOTBeTCTBeHHO,  npHBOflHT  K  (ftOpMMpOBaHMK)  HaCTMHHO 
mo6yJ1HpM3MpOBaHHOM  SBTeKTMKM.  YMeHbUJMTb  BpeMfl  33TBepAeBaHMH 
Meianna  bo3mo>kho  m  flpyrMM  nyieM  -  BBefleHneM  b 
npeAKpMCTanjiM3ai4MOHHb!M  nepMOA  MHOKynnpyiomnx  AoGaBOK,  KOTppbie 
Gnaropapn  npMcyTCTBMfo  b  mx  CTpyKType  ywe  nOAroTOBneHHbix  noAAO>KeK 
Ann  3apo>KqeHM5i  a^haphtob  a-cpa3bi  yBenMHMBaiOT  CKopocTb 
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KpncTannn3aqnM.  OcHOBbiBancb  Ha  TaKOM  npeAnonoKeHMM',  aBTOpAMH 
6bmo  BbinojiHeHO  MccjieflOBaHMe  BnMnHnn  pa3nnHHbix 
3epHOM3MenbMafOLi^nx  AoOaBox  Ha  MopcJjonomio  KpeMHiieBoPi  3BTexTMKn 
M  pa3Mep  3epHa  a-cf»a3bi  cnnaBa  AI-7%  Si-0.35%  Mg.  B  xanecTBe 
H3MenbHMTejieM  3epHa  6binn  ncnonb30BaHbi:  (i)-ABOMHan  nnraTypa  Al- 
6%Ti  n  Ti,  BBefleHHbJM  M3  cpTopTHTaHaTa  xannn;  (ii)-TponHbie  nnraTypbi 
A!Ti5B1  m  AITiCO.1 ;  (iii)-{})TOpi4MpKOHaT  xannn;  (iV)-MexaHHHecKne  cMecn 
coneM  K2TiF6+K2ZrF6  {cMecbl)  m  conn  K2ZrF6  c  nacTupaMM  TiCN  (cMecb 
2)  flMcnepcHOCTbK)  0. 3-0.6  mkm. 

Pe3yxibTaTbi  otmx  sxcnepHMeHTOB  n3BonnK)T  3axnK>HHTb 
cneflyiOLi|ee: 

a).  Bee  HCCJieflOBaHHbie  nnraTypbi  He  OKa3biBatOT  cymecTBeHHoro 
BnnnHnn  hh  Ha  pa3Mep  3epna  a-ct)a3bi,  hh  Ha  cfropMy  nnacTHH 
KpeMHMeBOM  3BTeKTHKM.  BBeAeHne  abohhom  nnraTypbi  A 1-6%  Ti  n 
tpohhoh  AITiSCO.I  npaKTHHecKM  He  OKa3biBaeT  HHKaxoro  BnnnHnn  Ha 
pa3Mep  MaKp03epHa  cnnaBa.  3tot  noxa3aTenb  H3MeHneTcn  ot  2530  mkm 
Ann  mcxoahoto  Meianna  ao  2380  mkm  nocne  BBOAa  6  Kr/T  nnraTypbi  Al-Ti 
wnn  ao  2150  mkm  nocne  AoSaBxn  nnraTypbi  c  xap6nAOM  mraHa. 
Mopcfionornn  KpeMHneBon  3BTeKTMKH  Taioxe  ocTaeTcn  6e3  H3MeHeHnn, 
hto  xapaKTepn3yeicn  3HaneHnnMH  cpaicTopa  cpopMbi,  KOTopbin  paBeH  8.5 
Ann  HcxoAHoro  cnnaBa  n  HecKonbKO  CHnwaeTcn  nocne  AoOaBxn  oahoh 
M3  3tmx  nnraTyp  ao  ypoBHn  6.5.  Jlnraiypa  AITi5B1  OKa3biBaeT  6onee 
OLAyTMMoe  BnnnHne  Ha  pa3Mep  MaKpo3epHa  cnnaBa,  cHn>Kan  ero  ao  1900 
mkm  nocne  BBOAa  4.5  xr/T.  npn  stom  Mopcponornn  aBTeKTMKM  ociaeTcn 
npaictMHecKM  Hen3MeHHon.  MexaHMHecKMe  cbomctb3  cnnaBa  ■  ob  m  5, 
cooTBeTCTBeHHO  crrpyKType,  M3MeHn»OTcn  He3HanMtenbHO.  nocne 
BBeAeHMn  4.5  Kr/T  nnraTypbi  AIH5B1  ab  cnnaBa  HaxoAnnocb  Ha  ypoBHe 
292  Mna,  hto  OTnnnaeTcn  ot  ncxoAHoro  MeTanna  Bcero  Ha  5Mna.  Taxan 
pa3HML4a  He  Mo>xeT  TpaxroBaTbcn  Kax  cxonbKO  HnOyAb  3HannTenbHoe 
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noBbiujeHne  npoHHOCTM  M6tanna.  Cxo^Hbie  pe3ynbTaTbi  6binn  noAyneHbi 

m  Ann  5. 

6),BBefleHne  b  cnnaB  conew  mam  mx  CMecen  c  flucnepCHbiMM  nacTMLjaMn 
TiCN  npuBOflMT  k  3HaMmejibHOMy  M3MeAbHeHMK>  3epeH  a-c^bi,  a  b 
HeKOTopbix  CAynaax  fleMOHCTpupyeT  MOAncjsnLjMpyioiAMM  acfccfreKT, 
nepeBOflfl  BbiflenemiH  OBTeicrnHecKoro  KpeMHua  M3  nnacTMHHaToro  b 
rnoSyn^pHoe.  BBeflemie  50  Kr/T  K2TiF6,  hto  cooTBeTCTByeT  0.29%  Ti  b 
MeTanne  npMBOflm  k  yMeHbuieHMK)  pa3Mepa  MaKp03epHa  ao  900  mkm. 
TaKaa  o6pa6oTKa  npMBOAMT  k  noBbiweHMio  TeMnepaTypbi  Hanana 
KpMCTaiiJiM3ai4MM  a-c|)a3bi  Ha  4-5°C  m  CBMfleTejibCTByeT  o  CMAbHOM 
3epH0ii3MenbHaK)LneM  3<t>c})eKTe.  flpn  stom  TeMnepaiypa  aaTBepAeBaHna 
SBTeKTMKM  ocraeTca  Ha  ypOBHe  MCxoflHoro  MeTarma.  3tm  flaHHbie 
CBHAeTeJlbCTBytOT  0  BbICOKOM  CnOCOOHOCTM  TmaHa  K  M3MeJlbHeHMKD 

3epew  a-c})a3b!  m  h6bo3mo>khocth  c  era  noMOLAbio  noBAMATb  Ha 
MOpCf)OAOrHK)  KpeMHlieBOM  SBTeKTMKM.  BBefleHMe  CMeceM  1  MAM  2 
no3Bon«eT  flocTMHb  KOMnAeKCHoro  acjDc^eKTa,  Kor^a  HaOAiOAaeTca 
CMAbHoe  M3MeAbHeHMe  3epeH  a-c|)a3bi  npn  oflHOBpeMeHHOM 
MOAMCpMMMpOBaHMM  SBTeKTMKM.  TaK  BBOA  CMeCM  2  B  KOAMHeCTBe  25  KI*/T, 
hto  cooTBeTCTByeT  coAep>KaHMK)  b  MeiaAAe  Ti-0.11%  m  Zr-0.35%, 
npMBOAMT  K  nOHM>KeHMK)  TeMnepaTypbi  3aTBepA6BaHMA  3BTeKTMKM  Ha  5- 
6°C.  3T0  CBMfleTeAbCTByeT  0  nOABAeHMM  3C(5Cf)eKTa  MOAMCfJMMMpOBaHMA 
3BTeKTMKM.  OAHaKO,  ApM  CTOAb  BblTOAHOM  CTpyKTypHOM  COCTOAHMM 
SOAbLUMHCTBO  06pa3L\0B,  nOCAe  06pa60TKM  CMeCblO  1  MAM  2  nOKa3aAM 
coBepiueHHO  HeyAOBneTBOpMTeAbHbiM  ypoBeHb  cbomctb  (HanpMMep  ab  - 
153  Mna  m  5-18%),  hto  cBMAeTeAbCTByeT  o  nepecTapMB3HMM  MeTaAAa  m 
Bbl3blBaeT  Heo6xOAMMOCTb  CyUL|eCTBeHHOM  KOppeKTMpOBKM  pe>KMMa 
TepMOo6pa6oTKM  cnAaBa. 

©  K.B.  MuxaneHKoe  u  fl.  0.  Vepneea,  2000 r. 
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k  Bonpocy  o  mexahm3me  MOfluouuMpyiomEro 

B03flEI/ICTBMB  flABJIEHMfl  HA  CTPyKTypy  JIMTbIX 
METAiUlOB  H  ClinABOB 

r  n.  Bopucoe;  A.  i/i.  CeMetwemo;  T.  B.  Cmacb 
OM3MK0-TeXH0norMMeCKMM  MHCTMTyT  MeTaJlflOB  M  ennaBOB 
HAH  YKpaMHbi, 
r.  KweB,  YKpaMHa 

M3  nuTepaTypbi  M3BecreH  cpaKT  M3MenbHeHnn  jimtom  CTpyKTypbi 
nofl  B03fleMCTBneM  pasnenm.  OflHaKO  AOCTMraeMbM  scpcfreKT  no 
AaHHbIM  pa3J!MHHblX  aBTOpOB  CyLAeCTBeHHO  pa3HMTCa.  Bo  MHOrOM  3TM 
pa3Homacnn  Bbi3BaHbi  TeM,  mo  flaBneHne  b  npouiecce  cJ)opMnpoBaHHfl 
otjimbkm  BbiCTynaeT  b  abomhom  ponw:  KaK  HenocpeACTBeHHO 
TepMOAMHaMnnecKun  napaMeTp,  KOHTponupyiOLAViM  npOLjecc 
KpMCTanJlM3aLJMM,  II  KaK  CpM3M4eCKMM  CfraKTOp,  KOCBeHHO  B03AeMCTByK)LAMW 
Ha  3tot  npoqecc  nyTeM  MHTeHCncf)HKai4mi  Tennoo6MeHa  b  CMCTeMe 
OTJ1MBKa~Ct)OpMa. 

KoriHHecTBeHHayi  oi^eHKa  aojim  Kax<Aoro  M3  sthx  acfxJieKTOB  b 
KOHeHHOM  M3MenbHeHMM  JIMTOM  CTpyKTypbi  HpeACTaBJIfleT  COGOM  He 
TOJlbKO  TeopeTMHeCKMM,  HO  M  npaKTMHeCKMM  MHTepeC.  OAHaKO  BbmOflHMTb 
TaKyio  oqeHKy  noKa  He  yAaBanocb  M3-3a  OTcyTCTBMn  motoamkm, 
no3BOjiHK)LAeM  6onee  mjim  Menee  HeTKO  pa3rpaHMHMTb  po/ib  ynoMHHyTbix 
c|)aKTOpOB  nyTeM  MCKruoneHHH  abmctbmjr  oahoto  n3  hmx  b  npoLjecce 
CpOpMMpOBaHMfl  JIMTOM  CTpyKTypbi. 

flosq  peweHMfl  stom  3aAaHM  6buia  pa3pa6oTaHa  MeTOAMKa, 
no3BormiOLAa«  peann30BaTb  «HMCTbm»  SKcnepMMeHT  a^  oqeHKM  poxiM 
AaBneHHa  KaK  TepMOAHHaMHHecKoro  cjDaicropa  b  KpncTamiM3ai4viOHHOM 
npoqecce  npH  3aTBepAeBaHnn  otjimbok  m3  aniOMMHHeBbix  ennaBOB  b 
yCnOBMHX  COXpaHeHMH  nOCTOflHHOM  MHTeHCMBHOCTM  MX  OXJia>KAeHMfl 
He3aBMCMMO  OT  BeJIMHMHbl  AaB/ieHMfl. 
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npn  3aTBepAeBaHHM  OTmiBKH  b  jimtomhom  cfeopMe  MMeeT  mgcto 
nocneAOBaTenbHoe  pa3BMTne  npOLjecca  BcneflOTBue  HepaBHOMepHoro 
oxna>KfleHM«  MeTanna  ot  nepMcfcepMM  k  L^eHTpy.  B  stmx  ycjioBMBx 
HeB03M0>KH0  yCTpaHMTb  COnyTCTByiOLMMM  3Cf)C}36KT  B03,qeMCTBMfl 
AaBneHMH  na  KMHeTMKy  KpncTarrnn3aqMM  b  pe3ynbTaTe  noBbiiueHMfl 
CKOpocTM  oxna^eHM*  otjimbkm.  HosTOMy  BJiMHHMe  a^bjighma  Ha 
cf)opMnpoBaHne  jimtom  CTpyicrypbi  M3ynajiM  b  ycjiOBMJix  BcecTOpOHHero 
C>KaTMB  npH  Manovi  MHTeHCMBHOCTM  OXJiaJKfleHMH  OTIblTHblX  oOjimbok  Ha 
yciaHOBKe  BbicoKoro  ra30Boro  a^bjighmh.  UccneflOBaHHB  pipoboamjim  b 
Anana30He  bgjimhmh  flaBJieHMB  a o  400Mna.  OnbiTHbie  otjimbkm  020  m 
BbicoTOM  90mm  (J)opMMpoBanMCb  nyTeM  oxna>KfleHMfl  Meianna  b  TMrne 
nnaBMJibHoro  OnoKa  b  ycooBMBX,  6hm3kmx  k  o6"b6MHOMy  3aTBepaeBaHMK). 
TeMnepaiypa  neperpeBa  pacnnaBa  b  MOMeHT  npMno>KeHMfl  aaBneHMB 
cocTaBJiH/ia  90±5°C.  H3MeH6HM6M  TeMnepaTypbi  HarpeBaTena 
nnaBMJibHoro  6ooKa  peryrmpoBajiM  TennooTBOfl  c  noBepxHOCTM  otjimbkm 
M  MCKJlK)HaJ1M  T3KMM  06pa30M  BJ1MBHM6  ASBJieHMS  Ha  MHTeHCMBHOCTb 
oxjia>KoieHMH  3aTBepfleBa«DLi4eM  otjimbkm.  flapaMeTpbi  cTpyiaypbi 
MeTajina  onpe,qejiflJiM  b  npoAOJibHOM  oceBOM  ceneHMM  M3roTOBJieHHbix 
o6pa3L40B. 

YcTaHOBjieHO,  hto  cpeflHHH  njioiaaflb  ceneHMH  MaKpo3epeH 
OnbITHbIX  OTJ1MBOK  M3  aJlHDMMHMH  M  CHJiaBOB  AI-4%Si  M  AI-4%CU  B 
MCcneflOBaHHOM  Anana30He  bgjimhmh  flaBJieHMB  yMeHbuiaeTCB  b  2,3-2, 5 
pa3a.  npM  3tom  xapaiaep  3aBMCMMOCTM  pa3Mepa  MaKpo3epHa  ot 
BenMHMHbi  flaBjieHMH  CBMfleTenbCTByeT  o  tom,  hto  HaHMHaa  c  200  Mila 

3Cfx|)6KTMBH0CTb  B03fleMCTBMH  A9BJ16HMH  Ha  nOBblLiieHMe  AMCnepCHOCTM 
jimtom  CTpyKTypbi  HenpepbiBHO  B03pacTaeT. 

npMJ10>KeHMe  AaBJieHMB  B  yCJIOBMBX  OAMHaKOBOM 
MHTeHCMBHOCTM  oxjiax<AeHMH  otjimbok  oOGcnGHMBaGT  TaiOKe 
M3MejibneHMe  MMKpocTpyKTypbi  jiMToro  MGTarma.  PaccTOHHMG  Me>KAy 

OCBMM  BTOporO  nopHQKa  AGHApMTOB  a-TBepAOrO  paCTBOpa  B  OTJIMBKaX  M3 
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cnnaBa  AI-4%Si  yMeHbwaeTcn  b  1,25-1,45  pa3a,  a  M3  cnnaBa  AI-4%Cu  - 
b  1 ,42-1 ,55  pa3a  npn  Hano>KeHMM  aaBneHMfl  200  n  400  Mila 
COOTBeTCTBeHHO.  B  anK)MMHMeBblX  OTJTlMBKaX  flMCnepCHOCTb 
MMKpocTpyKTypbi  b  3Tux  ycnoBMnx  B03pacTaeT  b  1,22  m  1,35  pa3a. 

Pe3ynbTaTbi  aaHHoro  nccneflOBaHM«  no3Bonn»OT  CflenaTb  BbiBOfl 
o  tom,  hto  6onee  3HaHMTenbH0e  B03fleMCTBne  Ha  CTpyicrypy  otjimbok  b 
flnana30He  Mcnonb3yeMbix  b  npaKTMKe  Be/iHHHH  flaBneHwe  OKasbrnaeT  b 
pe3ynbTaTe  MHTeHCMcpMKaMMM  TennooTBo/ja  b  CMCTeMe  OTnnBKa-c()opMa. 
TaK,  b  OTJiMBKax  M3  Al-Si  cnnaBOB,  3aTBep,qeBLiJMx  npM  Hano>K6HMM 
flaBneHMH  no  cxeMe  riMTbfl  no,q  hm3kmm  flaBneHneM,  aHanorMHHoe 
noBbiLueHMe  flMcnepcHOCTM  CTpyicrypbi  nmoro  MeTanna  .qocTMraeTcn  ywe 
b  flnana30He  BenMHMH  .qaBneHMn  flo  3  Mila.  Eu^e  6onee  3HaHmenbHoe 
o6naropa>KMBaHMe  jimtom  CTpyxrypbi  Ha6nfo,qaeTCfl  b  cnynae 
npnno>KeHMa  k  3aTBep,qe  Barmen  ouiMBKe  flaBneHMH  b  coneTaHMM  co 
CflBMTOBblMM  Harpy3KaMM.  TaK  BbICOKafl  CKOpOCTb  OXiia>KfleHMB  M 
MHTeHCMBHoe  flBM>K6HMe  3aTBep,qeBaK>iijero  MeTanna  b  ycnoBMnx 
nyaHCOHHoro  MeTO^a  npeccoBaHMn  oOecneMMBaeT  yMeHbmeHMe  cpeflHeM 
nnou^aflM  ceneHMfl  MaKp03epHa  b  omMBKax  M3  cnnaBa  AK7  6onee  neM  b 
10  pa3  y>xe  npM  flaBnenMM  npeccoBaHiw  50  Mna.  npM  stom  KonMMecTBO 
Mmoo0pa3Hbix  biuijohghmm  MHTepMeiannMflOB  >xene3a  b  nnocKOCTM 
mnMCfja  CHM>KaeTcn  c  4,85  flo  2,85%  c  OflHOBpeMeHHbiM  yMeHbineHMeM 
mx  npojn>KeH hoctm  b  1,2  pa3a,  a  coflepwaHMe  Oonee  KOMnaKTHbix 
nepomnc}Doo6pa3Hbfx  BKniOHeHMM  MHTepMeTanmiflOB  B03paciaeT  c  0,2 
flo  1,95%. 

TaKMM  o6pa30M,  BnepBbie  peann30BaH  npoqecc 
KpMCTannM3aqMM  MeTanna  nofl  bwcokhm  flaBneHMeM  b  ycnoBnnx, 
oSecneHMBaiOLmix  hoctobhctbo  pe>KMMa  oxnaxyjeHMn  onbiTHbix  OTnMBOK 
He33BMCMM0  ot  BenMHMHbi  flaBneHMH.  BbmonHeHa  KonMnecTBeHHan 
oi^eHKa  acpcjDeKTa  MOflMCpMLjMpoBaHMH  nMTOM  CTpyicrypbi  flaBneHMeM  flo 
400  Mila  KaK  TepMOflMHaMMnecKMM  napaMeTpoM. 

©  r.n.Bopucoe;  A.n.CeMeHveHKo;  T.B.Cmacb,  2000 r. 
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O  MEXAH143ME  MMKPOJlErMPOBAHMfl  3BTEKTMHECKHX 
Cn/IABOB 

B.3.kucyHbK0s,  M.A.HoeoxamcKuif,  E.0.5enoec 

a)  floHMLJM,  r.fl0He4K,  YKpawHa 

b)  Offiy,  r.Oflecca,  YKpawHa 

c)  MnM  HAHY,  r.MaKeeBKa,  YKpanHa 

npoaHajiM3npoBaHb!  npo6neMbi  m  rwnoTe3bi  MOflucpm^MpoBaHMfl 
>KMflKnx  MeiajinoB  m  cnnaBOB  ManbiMM  ^obaBKaMM,  BbinonHeHa 
KnaccncpMKaL\M«  npoqeccoB  MOflHCpuL^MpOBaHM^,  BbifleneHbi  Tpw  mna: 
roMoreHHoe,  reTeporeHHoe  m  aBToreTeporeHHoe.  CflenaH  bwboa,  hto 
BblGop  MOAMCpML^MpyiOlAMX  AOGaBOK  MO>KeT  GbITb  BbinOJIHeH  c 

MCn0Jlb308aHMeM  KpMTepMeB,  CnOCOGOB  14  MeTOAOB  TeCTMpOBaHWfl  B 
paMKax  npeACTaBneHMM  o  Me>KCTpyKTypHOM  pacnpeAeneHMW  Maribix 
npMMecew  b  pacnnaBax 

PaccMOTpeHbi  KOHqeHTpaquoHHbie  3cf)c|)eKTbi  bjim^huji  Manbix 
AoGaBOK  Ha  CBOMCTBa  >khakmx  MeTannoB  m  nonynaeMoro  M3  hhx  TBepAoro 
/nMToro/  MeTanna.  3aKmoHeH0,  hto  onTMMM3ai4HK>  coAepwaHwn  AoGaBOK 
b  Meiannax  m  crinaBax  Hawbonee  Menecoo6pa3HO  npOBOAMTb  nyTeM 
npei4M3MOHHoro  M3MepeHMH  14  conocTaBneHMH  3aBncnMOcreM  cTpyicrypHO- 
HyBCTBMTGAbHblX  CBOMCTB  pacn/iaBOB  14  TeXHOnOMHeCKMX  14  Cny>Ke6HblX 
xapaKrepHCTMK  nmoro  MeTanna.  MeTOA  McnbuaH  Ha  MOAenbHbix 
cnnaBax  Al-Cd,  AI-11,68  %Si-Cd,  npoMbtwneHHbix  cnnyMi4Hax  AK8M3  c 
KaAMMeM  14  >Kene30M,  AK11M2  co  CTpOHLjMeM  m  cypbMOM,  AK5M2  c 
1414HKOM  M  AK7  c  MarHMeM. 

flpeAno>KeH  MexaHH3M  MOAtfcfwLjHpyiOLAero  actxjDeKTa  Bni4HHi4n 
Manbix  AO^aBOK  npH  cpopMMpoBaHMM  noniiKpHCTannoB,  3aKniOHaiomi4MCfl 
bo  Bni4HHi4M  npMMecii  Ha  pa3Mep  KnacTepOB,  a  b  npoqecce  oxna^enwn  - 
Ha  i4X  poct,  accoAHaqmo,  o6pa30BaHi4e  h  pocT  3apOAbiujeii.  3aiaiK)HeHO, 
hto  Bni4HHi4e  Manbix  AO^aBOK  Ha  KnacTepoo6pa30BaHne  11 
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3apoflbiLueo6pa30BaHne  CKa3bfBaeTCfl  Ha  npoijecce  KpnoTanjiM3am4M, 
cjDOpMMpoBaHiiM  cpa30Boro  cocTaBa,  MaKpo-  M  MMKpOCTpyKTypbJ  M,  B 
KOHeMHOM  cneTe,  Ha  cooTHOLueHMM  TexHononmecKMX  m  c|)m3mko- 
MexaHHnecKMX  xapaKTepucTMK  /iMToro  MeTamia. 

riOAHepKHyTO,  hto  TpeSyeTCH  nepecMOTp,  ycTapeBLUMx 
KOHMen4MM  06  0AH03HaHH0  ycTaHOBneHHOM  Bnumm  HeKOTopbix 
aneMeHTOB  /  TonbKO  BpeflHOM  mjim  TOJibKO  none3HOM/,  b  nacTHOCTM, 
JiHTwa,  Kaxibi4H5i,  >xe/ie3a,  onoBa,  BHGMyra,  Te/uiypa,  MMHKa  m  pn/ia 
flpyrwx  b  cnnaBax  Ha  ocHOBe  axiiOMHHHfl.  Heo6xoflMMO 
3KcnepnMeHranbH0  ycraHaBrmBaTb  m  pa3rpaHMHMBaTb  o6nacrm  mx 
BpeflHoro  h  none3Horo  B03/jeMCTBHH,  hto  oco6eHHO  b3>kho  Ana  cnnaBOB, 
BbinJiaBTiaeMblX  M3  BTOpMHHOrO  CblpbH. 

©  B.3.KucyHhH0,  H.A.HoeoxamcKUu,  B.&.Be uoe,  2OO0r. 
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A  NEW  ASPECT  OF  IMPROVING  FORMABILITY  OF  LOW- 
DEFORMABLE  ALUMINUM  BASE  ALLOYS 

V.l.  Mazur,  YU.N.  Taran,  N.S.  Romanova 
National  Metallurgical  Academy  of  Ukraine 
Dnepropetrovsk,  Ukraine 

ABSTRACT 

It  was  shown  that  formability  of  low-deformable  Al-Si  composite 
alloys  may  be  enhanced  by  improving  the  plasticity  of  the  reinforcing 
phase  comprased  by  crystals  of  the  eutectic  silicon.  It  was  secured  by 
combination  of  two  methods.  The  first  one  is  reducing  of  silicon  crystals 
size  via  icreasing  of  a  cooling  rate  in  atomization  of  liquid  alloy.  The 
second  one  is  ensuring  of  a  compact  or  a  nonfaceted  growth  form  of 
silicon  crystals  via  additional  metallization  of  Si  -  Si  bonds  by  passing 
electric  current  through  the  liquid  alloy.  This  processes  secure  perfect 
formability  .  The  examples  such  as  extrused  bars  and  tubes  and  press 
forged  pistons  was  given. 

INTRODUCTION 

The  alloys  hardened  by  second  phases  like  carbides,  nitrides, 
oxides,  intermetallics  etc.  outperform  the  respective  base  metals  in  many 
service  properties,  such  as  strength,  hardness,  wear  resistance,  thermal 
expansion  and  so  on.  However,  the  hardening  induced  by  the  second 
phases  leads  to  a  comparatively  poor  formability  that  poses  problems  in 
making  semiproducts  like  sheet,  coil,  tubes  and  pipes  by  hot  or  cold 
working. 

This  is  also  true  of  aluminum  base  alloys,  deformable  and  cast 
alike,  and  especially  of  eutectic  type  Al  alloys. 

A  eutectic  aluminum  alloy  includes  a  metal  matrix  constituted  by 
a  solid  solution  of  alloying  elements  in  aluminum,  and  a  hardening  phase 
whose  grains  are  shaped  as  fibers,  complex-shaped  rods  or  globules.  The 
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two  phases  solidify  simultaneously  during  the  eutectic  reaction  in  the 
liquid.  The  eutectic  type  alloys  can  thus  be  regarded  as  in-situ 
composites,  since  they  are  structured  like  composites  and  their  composite 
structure  develops  spontaneously. 

As  is  well-known,  the  strength  a  of  a  composite  is  a  function  of 
the  matrix  strength,  am,  the  second  phase  strength,  of,  and  the  volume 
ratios  of  the  two  phases,  ^  and  <&;  <r  =  crm^  +  ^  [1]. 

The  composite  will  show  improved  strength  when  of  >  crm;  for  this 
to  hold,  proper  selection  of  the  second  (reinforcing)  phase  is  necessary. 
The  reinforcer  may  be  an  intermetallic  like  CuAI2,  a  silicide  (MgSi2)  or  a 
covalent  phase  (Si).  Furthermore,  eutectic  alloys  offer  an  additional  way 
to  enhance  their  performance.  It  stems  from  the  exceptional  simplicity  of 
control  over  the  thickness  of  the  reinforcing  fibers,  rods  or  lamellae  that 
can  be  effected  by  changing  the  solidification  velocity  V .  Assuming  Af  and 
Am  as  the  lamellae  thickness  of  the  reinforcer  and  the  matrix  respectively, 
one  gets  the  eutectic  spacing  A  =  %  +  A^\  A2  =  kA/.  As  the  solidification 
velocity  V  \s  increased,  the  thickness  of  reinforcing  rods  or  lamellae  is 
decreased,  resulting  in  a  dramatic  improvement  in  the  reinforcer  strength 
[2].  This  is  accompanied  by  improvement  in  the  plastic  properties  of  the 
reinforcing  fibers  due  to  a  drastic  reduction  in  the  dislocation  density  and 
sometimes  to  formation  of  dislocation-free  fibers. 

It  is  thus  seen  from  the  theory  of  composites  that  one  solution  to 
the  problem  of  improving  formability  of  hard-to-form  eutectic  aluminum 
alloys  lies  in  the  development  of  processes  that  would  reduce  the 
thickness  of  the  reinforcer  grains  to  a  minimum. 

The  paper  also  addresses  one  other  way  to  improve  the  strength 
and  plasticity  of  composite  alloys,  namely  providing  metastable 
metallization  in  a  reinforcer  with  directional  covalent  bonds.  Here,  the 
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“metallization”  is  understood  as  reduced  localization  of  the  valency 
electron  cloud  density  in  the  bond  direction. 


MATERIALS  AND  METHODS 

Aluminum  alloys  of  following  compositions  were  studied:  28.1- 
42.1  %  Si,  1.47-26.00  %  Fe,  0.46-0.98  %  Ti,  0.23-1.48  %  Ni,  0.04-6.35  % 
Cu,  0.20-0.25  %  Zr,  0.06-1.04  %  Cr.  Each  alloy  was  made  by  concurrent 
reduction  of  its  components  from  their 


oxides  in  the  arc  zone  of  a  22.5  MVA  three 
phase  arc  furnace  having  graphite 
electrodes.  Upon  removal  of  the  surface 
slag  layer,  the  melt  was  poured  into  a 
crucible  about  1  m3  in  volume  where  three 
phase  electric  current  was  passed  through 
the  alloy.  The  current  density  on  the 
graphite  electrodes  was  varied  up  to  5x1 06 
A/rri2.  The  melt  temperature  was  Figure  1.  Atomized 

maintained  in  the  range  1150-1300  °C.  powders  of  Al-Si  alloys, 

Following  an  electric  current  treatment  10  to  20x. 

1 5  min  long,  the  melt  was  atomized  by  a  jet 
of  inert  gas.  The  melt  particles  were  directed  into  a  water-cooled 
solidification  chamber  to  cool  at  103  to  105  K/s.  The  powder  particles  thus 
produced  are  shown  in  Fig.  1.  Those  belonging  in  the  size  range  from  63 
to  400  Lim  and  having  a  bulk  density  of  2.14  g/cm3  were  used  as  a 
starting  material.  The  hydrogen  content  of  the  dried  powder  ranged  from 
3.5  to  4.2  cm3  per  100  g.  On  screening  and  degassing,  the  powder  was 
compacted  using  a  vertical  hydraulic  press  and  aluminum  containers.  The 
briquets  thus  mad6  were' stripped  of  the  aluminum  shell  and  hot  extruded 
to  bars  70  or  1 50  mm  in  diameter  or  to  tubes  with  an  outer  diameter  of 
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150  mm  and  a  wail  thickness  of  25  mm.  The  bars  were  turned  and  cut  to 
pieces  that  were  next  pressed  to  diesel  engine  pistons. 


EXPERIMENTAL  RESULTS  AND  THEIR  DISCUSSION 


Cooling  heavy  ingots  at  low  rates  about  100  K/min  gives  rise  to 
formation  of  coarse  grains  of  silicon,  intermetallics  and  silicides  as  seen 
in  Fig.  2a.  This  results  in  severe  brittleness,  making  the  alloys  unsuited 
for  forming.  The  microstructure  of  an  atomized  powder  alloy  is  quite 
different,  especially  as  regards  the  dimensions  and  shapes  of  the 
hardening  phase  grains.  In  particles  about  1  mm  in  size,  small  proeutectic 
silicon  crystals  appear  that  have  dendritic  morphology,  Fig.  2b. 


__  a)  b)  c) 

Figure  2.  Al-Si  aSoy  miaostnxture  in  a  heavy  ingot  (a,  200x)  and  in  granules  produced  from 

an  unprocessed  melt  (b,  400x)  and  a  melt  electrically  treated  at  075x1 (f  A/m2  (c,  400x). 


They  are  responsible  for  the  poor 
formability  even  at  the  compacting  step.  The 
briquets  often  ruptured  when  pushed  out  from 
the  hydraulic  press  container,  see  Fig. 3.  In 
order  to  improve  the  alloy  formability,  it  was 
necessary  (1)  to  reduce  the  volume  fraction 
of  nonmetallic  phases  and  (2)  to  suppress 
formation  of  faceted  dendrites  of  silicon 


Figure  3.  Rupture  of  an 
atomized  powder  briquet. 
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through  favoring  a  nonfaceted  or  at  least  a  compact  growth  form. 

The  first  task  is  best  done  via  partial  freezing  of  silicon  and  other 
alloying  elements  in  the  aluminum  solid  solution.  This  can  be  effected  by 
achieving  higher  temperatures  of  the  melt  prior  to  atomizing  and  by 
increasing  the  cooling  rate  in  solidification.  The  change  in  crystal  growth 
form  is  governed  by  Jackson’s  entropy  criterion  Kj  =  2R/AS  which  takes 
into  account  the  degree  of  interatomic  bond  rearrangement  when  an  atom 
passes  from  a  liquid  to  a  solid  phase  [3].  According  to  K.A.  Jackson, 
faceted  crystals  grow  in  the  covalent  substances,  AS  >  4  cal/(mol*K), 
while  the  metals  (AS  <  4)  display  nonfaceted  growth  [3]. 

I.V.  Salli  suggested  a  more  general  criterion  [4], 

-  2R 
K,~  AS-  Ac,  AT  IT 

The  Salli  number  incorporates  the  melt  supercooling  AT,  a 
process  variable  that  can  be  used  to  control  the  crystal  growth  form.  It 
should  be  noted  that  Ks*2R/AS  =  Kj  as  the  supercooling  tends  to  zero. 

At  large  supercools  AT  and  wide  differences  Acp  between  the  heat 
capacities  of  the  liquid  and  the  solid,  nonfaceted  crystal  forms  are 
possible  even  with  high  entropy  substances.  Since  increasing  the  starting 
melt  temperature  prior  to  solidification  results  in  deeper  supercooling,  one 
can  expect  that  higher  superheating  before  atomization  will  facilitate  both 
the  solid  solution  supersaturation  with  the  alloying  additions  and  the 
transition  from  faceted  to  nonfaceted  growth  of  silicon  and  silicide 
crystals. 

However,  overheating  the  melt  results  in  poor  heat  economy  and 
reduced  atomizing  nozzle  life.  This  makes  the  approach  questionable. 

For  these  reasons,  a  method  to  preserve  the  high-superheat  melt 
structure  at  low,  near-liquidus  temperatures  was  developed. 

It  was  demonstrated  previously  that  a  microheterogeneous  liquid 
forms  in  Al-Si  melts  that  is  made  up  of  Si  atom  clusters  held  together  by 
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directional  interatomic  bonds  and  of  an  intercluster  medium,  a  metallic- 
bonded  liquid  solution  [5-7].  The  cluster  size  is  a  function  of  the  melt 
temperature  and  the  heat  conditions,  Fig.4.  As  the  temperature  is 
increased,  the  cluster  size  is  decreased.  It  was  found  more  recently  that 
passing  electric  current  through  the  melt  further  reduces  the  cluster  size 
[8].  It  may  be  said  that  a  condition  similar  to  that  of  a  high-temperature 
melt  is  achieved  in  a  low-temperature  melt  under  these  conditions. 

Figure  4.  Silicon  grain  size  in  Al-Si 
foils  solidified  at  105  to  106  K/s  as  a 
function  of  temperature.  The  Si  grain 
size  is  assumed  to  be  approximately 
equal  to  the  Si  cluster  diameter. 
Curve  1  -  The  melt  in  oxide 
atmosphere;  Curve  2  -  The  melt  in 
vacuum;  Curve  3  -  Oxide 

atmosphere  with  passing  electric 
current  through  the  melt. 

This  theory  was  validated  by  an  industrial-scale  experiment  in 
which  the  melt  viscosity  was  found  to  decrease  and  its  fluidity  to  improve 
after  10  to  15  min  passing  of  the  electric  current,  although  no  temperature 
change  was  observed.  This  enabled  a  higher  yield  of  the  desired  particle 
size. 

The  powder  microstructure  displays  compact  faceted  and 
nonfaceted  grains  of  silicon  and  silicides,  together  with  alpha  aluminum 
solid  solution,  Fig. 2c. 

Aside  from  a  reduction  in  the  most  probable  size  of  proeutectic 
silicon  grains  in  the  granules,  see  Fig. 5,  increasing  the  current  density 
results  in  supersaturation  of  the  major  phases  silicon  and  alpha  with  the 
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alloying  elements  as  manifested  by  the  decreased  lattice  constants  of  the 
two  phases,  Fig. 6. 


O  to  20  30  C  mkm  0  to  20  30 


Figure  5.  Influence  of  current  density  on  silicon  proeutectic  crystal  size  in 
atomized  powder,  a:  o  -  no  current,  •  -  0.75x1 06  A/m2;  b:  o  -  1.0x10s 
A/m2,  •-  1.5x1 06  A/m2. 


Figure  6.  Influence  of  current  density  on  lattice  constants  of  A!  base  (a) 
and  Si  base  (b)  solid  solutions,  •  -  equilibrium  lattice  spacing. 
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As  the  granules  are  heated  for  degassing  and  subsequent  hot 
compacting,  the  supersaturated  solid  solutions  decompose  partly  or 
completely,  producing  submicron  grains  of  silicon,  silicides  and 
intermetallics  in  the  metal  matrix. 

A  study  into  effects  of  briquet  temperature  before  extrusion  in  the 
range  from  350  to  500  °C  revealed  that  an  alloy  with  less  than  32  %  Si 
reaches  a  maximum  formability  in  the  working  zone  at  440  °C  when  the 
container  temperature  ranges  from  400  to  430  °C.  With  32  to  40  %  Si,  the 
formability  reaches  its  maximum  at  490  °C. 

No  inner  or  surface  defects  were  observed  on  the  extruded  bars 
or  tubes  that  exhibited  fairly  high  materia!  properties,  see  Fig. 7  and  the 
Table.  The  test  results  were  satisfactory  enough  to  recommend  the 
material  for  forging  truck  diesel  engine  pistons. 

Table 

Physical  and  mechanical  properties  of  AI-35Si  sintered  alloy 


Test  temperature,  °C 

20 

100 

200 

300 

400 

Tensile  strength, 

MPa 

203.. .24 

0 

190.. .205 

154.. .175 

100. ..115 

45.. .58 

Proof  stress 

(0.2),  MPa 

215 

200 

160 

105 

50 

Elongation,  % 

1,8. ..2,0 

2, 4.. .2, 6 

3, 2.. .3,6 

6, 4.. .8, 7 

18, 2.. .21,0 

Brinell  hardness 

110.14 

2 

- 

Thermal  expan¬ 
sion,  106  X'1 

11,5.. .15 

,4 

16,4 

17,1 

17,3 

Density,  g/cmJ 

2,62 

“ 

- 

- 

- 
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The  pistons  were  forged  in  closed  dies  on  an  830  t  hydraulic 
press.  When  the  workpiece  was  heated  to  490  °C  and  the  dies  to  250- 
300°C,  the  pressed  forging  showed  satisfactory  surface  quality  and 
internal  structure,  Fig. 8.  The  pistons  were  hardly  any  different  from  the 
hot-extruded  bars  either  in  microstructure  or  phase  constitution. 


Figure  7.  Extruded  bars  and  tubes  Figure  8.  Press  forged  piston 
of  AI-35Si  atomized  powder  alloy.  blanks. 

The  finished  pistons  performed  well  during  standard  tests  in 
KAMAZ-7403  260  HP  augmented  turbocharged  diesels.  The  powder 
metallurgy  alloy  was  thus  found  to  be  a  good  candidate  for  diesel 
engines. 

CONCLUSIONS 

The  formability  of  Al-Si  composite  alloys  may  be  enhanced  by 
improving  the  plastic  properties  of  the  reinforcing  phase  comprised  of  Si 
grains.  This  was  effected  through  a  combination  of  two  approaches, 
namely 

•  reducing  the  size  of  silicon  proeutectic  crystals  via  increased  cooling 
rates  in  atomization,  and 
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•  providing  a  compact  or  a  nonfaceted  growth  form  of  silicon  proeutectic 
crystals  via  additional  metallization  of  Si-Si  bonds  by  passing  electric 
current  through  the  starting  melt. 

The  process  of  atomization  of  low-deformable  AI-(35-40%)Si 

alloys  thus  developed  enables  hot  extrusion  of  semiproducts  like  bars  and 

tubes  and  pressing  these  using  conventional  commercial  equipment. 
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THE  LOWERING  OF  EUTECTIC  SULPHIDE  AND  PHOSPHATE 
HARMFUL  EFFECT  ON  MECHANICAL  PROPERTIES  OF  STEEL  BY 
MEANS  OF  HIGH  TEMPERATURE  HOMOGENIZATION. 

V.l.  Bolshakov,  G.M  Vorobyov 

Pridneprovsk  state  academy  of  building  and  architecture 
Dnepropetrovsk,  Ukraine 

Any  amount  of  sulphur  is  widely  known  to  form  ferrous  sulphide 
(FeS)  with  iron,  which  is  the  part  of  easily  smelting  eutectic  Fe  +  FeS, 
forming  at  a  temperature  988°C.  This  eutectic  turns  into  Fe  +  FeS  at  a 
temperature  below  9i  1°C.  The  position  of  these  brittle  eutectics  at  the 
grains  limits  increases  the  steel  brittleness  at  a  temperature  above 
800°C(red-shortness).  The  phosphorus  segregation  on  grains  limits  leads 
to  steel  embrittlerment  at  a  low  temperature  (cold-shortness). 

The  harmful  effect  of  these  elements  on  mechanical  properties  is 
so  great,  that  their  concentration  has  been  the  base  of  steel  classification 
according  to  the  quality. 

In  general-purpose  steel  (of  ordinary  quality)  the  sulphur 
concentration  should  not  exceed  0,055  wt%  and  phosphorous  - 
0,045wt%.  In  quality  steel  the  limit  sulphur  content  goes  down  to  0,04wt% 
and  phosphorous  to  0,04wt%,  and  in  high  -  quality  steel,  accordingly,  to 
0,035wt%  and  0,035wt%.  In  super  high  -  quality  steel  the  maximum 
sulphur  and  phosphorus  content  should  not  exceed  0,015  and  0,025wt%. 

The  use  of  continuous  casting  requires  receiving  steel  with  the 
increased  sulphur  and  phosphorus  purity  in  comparison  with  the 
traditional  casting  into  ingot-molds. 

In  micro-alloyed  steel  the  increase  of  low  temperatures  viscosity 
is  seen  even  at  the  lowered  sulphur  content  under  0,01%. 

In  the  meanwhile  the  reduction  of  the  permissible  phosphorus 
and  sulphur  content  is  attended  by  the  considerable  steel  cost  increase. 
That  is  why  the  development  of  such  methods  of  manufacture  of  steel 
articles,  which  would  make  it  possible  to  obtain  the  required  high 
mechanical  steel  properties  with  the  generally  accepted  standards  of  the 
detrimental  impurity  content  is  of  the  practical  and  scientific  interest. 

The  steel  articles  production  practice,  covered  by  the  Russian  patent 
was  used  in  the  work  [1].  The  steel  articles  lot  of  the  A12  steel  was 
processed  on  the  basis  of  this  technology.  According  to  GOST  1414-75 
the  phosphorus  and  sulphur  content  in  this  steel  is  equal  to  0,08. ..0,20 
and  0,08... 0,1 5  wt%  correspondingly.  That  is  to  say,  such  steel  is  spoiled 
by  the  sulphur  and  phosphorus  content  on  the  level  of  the  requirements 
imposed  for  the  standard  steel. 
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However,  the  processing  of  the  free-cutting  steel  with  the  actual 
sulphur  and  phosphorus  concentration  correspondingly  0,09  and  0,11  wt% 
according  to  the  patented  process,  permitted  to  obtain  the  mechanical 
properties  on  die  level  of  the  high-grade  steel.  In  the  meanwhile  the 
processing  on  the  basis  of  the  standard  technology  has  shown  tile 
ordinary  low  properties,  which  are  typical  for  the  A12  steel. 

The  most  essential  property  of  the  patented  process  is  the 
exception  of  possibility  of  the  coding  of  metal  being  processed  below  the 
experimentally  determined  level.  Such  requirements  are  based  on  the 
expediency  of  the  sulphur  and  phosphorus  quantity  conservation  in  the 
solid  solution. 

High-temperature  homogenization  of  sled  1 1 0f  1 3JT  appeared  to 
be  very  effective  for  increasing  the  rate  of  toughness  without  cooling  it 
down  certain  level.  The  considerable  rate  of  toughness  was  obtained  for 
this  steel. 

It  can  be  considered  advisable  to  avoid  the  heating  of  bars  and 
slabs  in  heating  wells  before  hot  rolling.  The  heating  of  steel  for 
homogenization,  for  getting  homogeneous  distribution  of  adds,  is  least 
effective.  The  additions  of  admixtures  in  many  cases  don't  dissolve  while 
reheating.  The  formation  of  pores  also  occurs  in  places  of  dissolved  adds 
or  on  borders  of  not  fully  dissolved  adds.  It's  more  effective  to  use  heat  of 
melted  steel  for  the  purpose  of  homogenization,  especially  for  alloyed 
steel.  In  this  way  heating  in  wells  can  be  fully  expelled  -  it's  kind  of  luxury 
at  present.  Besides  the  use  of  thin-walled  heat-instillation  covered  moulds 
and  thermos-moulds  in  combination  with  the  use  of  different  kinds  of 
refrigeration  can  provide  full  homogenization  in  a  process  of  slow  cooling 
of  bar  in  a  mould  after  fast  crystallization  by  means  of  cooling  and  speedy 
removal  of  warm  for  heating  the  walls  of  a  mould. 

After  the  bars  rolling  keeping  the  needed  heat  of  smelted  steel  in  bars 
is  advisable  either  to  inject  it  to  hot  rolling  or  to  insulate  heat  for  the 
process  of  homogenization  before  hot  rolling.  Such  method  of  bars  and 
slabs  treatment  allows  to  keep  heat  of  smelted  steel  in  the  same  way  as 
the  method  of  continuous  casting  of  steels  and  to  get  better 
homogenization  of  metal  in  comparison  with  present  know-how  of  casting 
bars  in  to  moulds  to  say  nothing  about  continuous  casting.  High  rate  of 
homogenization  will  allow  to  use  cheap  charge  without  additional  cleaning 
of  harmful  admixture  to  get  the  desired  mechanical  properties.  The  use  of 
different  ways  of  cooling  in  moulds  allows  to  get  bars  plated  or  reinforced 
inside  for  making  composite  steel  items.  Besides  the  use  of  cooling  can 
increase  the  life  term  of  moulds. 

©  V.l.  Bolshakov,  G.M  Vorobyov,  2000. 
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nOfiYMEHME  MHOTOKOMnOHEHTHblX  TMTAHOBblX  Cn/IABOB 
THriA  "THKAfl"  METOflOM  SJlEKTPOHHO-JiyMEBOM  n J1ABKH  C 
nPOME>KyTOMHOM  EMKOCTblO 

C.A  0upcmoea,  B.M.Ma3yp  b,  A. H. KanuHtOK  c,  n.R.Kynaxa 

a)  HHCtiiryT  npoSneM  MaTepManoBeAeHMH  mm.  M.H.OpaHLjeBMHa 
r.  KMp&.VKpaMHa 

b)  Ha^OHa/ibHaa  MeTannyprMMecKaa  AKafleMM^  yKpanHbi 
r.flHbnponeTpoBCK.yKpaMHa 

c)  HHCtMTyT  aneKTpocBapKM  MM.E.O.naTOHa 
r.KMeB,  yKpanHa 

CnnaBbi  Ha  ocHOBe  TMTaHa  "TMKAfl"  cncrreMbi  Ti-AI-Si-Zr 
o6Hapy>KHBaK)T  BbicbKMe  npOHHOCTHbie  CBoncTBa,  OflHaKO  ob/iaflaiOT 
Ma/ibiM  3anacoM  nnacTMHHOCTM  (po  1%). 

flaHHan  paboTa  nocBmueHa  pa3pa6cm<e  cnnaBOB  m  TexHonorMM 
mx  nonyneHMfl,  KOTopbie  coxpaHnnn  6bi  BbicoKMe  npOHHOCTHbie  CBoncTBa 
m  obnaflanM  6bi  /nocTaTOHHOM  nnacTMMHOCTbio. 

nonyHanM  cnnaBbi  M3  nncTbix  lUMXTOBbix  MaTepManoB  MeTOAOM 
aneKTpOHHO-nyHeBOM  nnaBKM  c  npOMexcyTOHHOM  eMKOCTbio. 

CTaTMCTMka  npOBiBAeHHbIX  XMMMHeCKMX  aHanM30B  CJ1MTKOB 
"TMKAfl"  3JH1E  noKa3ana  xopoujyio  BOcnpon3BOflMMOCTb  m 
noBTOpneMOCTb  peaynbTaTOB. 

HccneflOBaHM5i  MexaHMHecKnx  cbomctb  MeTanna 
cBMfletenbCTByjOT,  hto  cnnaB  3JinE  nocne  AecpopMaLiMM  Ha  80% 
obHapy>KMBaeT  3aMeTHyK>  nnacmHHOCTb  ywe  npn  KOMHatHon 
TeMnepaType  -  po  1,5%,  npM  AononHMTenbHOM  OT>KMre  (600°C  m  700°C) 
nnacTMHHOCTb  cnnaBa  nOBbiwaeicn  po  2, 5-3,0%  He  CHMwan  ero  npeAena 
TeKynecTM  m  npOHHOCTM  (800  Mfla  m  850  Mfla  cooTBetCTBeHHO). 
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TaKMM  o6pa30M,  Ha  ocHOBaHMM  npOBefleHHbix  MecneAOBaHMM 
mo>kho  cflenaTb  BbiBOfl  o  nepcneKTMBHOCTM  nonyneHMn  cnnaBOB  Tuna 
"TMKAfl"  MeTOflOM  3/iriE. 

^  OnbiT  npaKTunecKoro  npMMeHeHMH  aneKTpoHHo-riyHeBOM  nnaBKM 
c  npOMe>KyTOHHonM  eMKOCTbK)  (3/iriE)  a jih  BbinnaBKM  iunpoKOro 
copTaMeHTa  cjimtkob  m3  otxoaob  KaK  HenernpOBaHHoro  TMTaHa,  TaK  n  ero 
cnnaBOB,  HaKonneHHbm  b  M3C  mm.  E.O.naTOHa  b  TeneHMe  10  neT, 
nBuncn  ochobom  Ann  pa3pa60TKM  TSXHOJiorMM  nonyneHMn  cnnaBOB 
CMCTeMbi  Ti-Ai-Si-Zr,  KOTopan  m  o6ecneHMna  BbinonHeHMe  nocTaBneHHbix 
3aAan. 

3KcnepMMeHTanbHbie  nccneAOBaHnn,  OTpaSoTKy  jexmm 
lumxtobkm  pacxoAyeMon  3aroT0BKM,  TexHonorMM  rrnaBOK  npoBOAMnn  Ha 
onbiTHo-npoMbiLuneHHOM  ycTaHOBKe  3neKTpoHHO-nyHeBoro  nepennaBa 
Y3-208.  Ha  ocHOBaHMM  aHann3a  TexHonornnecKOM  cxeMbi  m  pe3ynbTaTOB 
3KcnepnMeHTanbHbix  nnaBOK  onTMMM3MpOBaH  cocTaB  pacxoAyeMbix 
3aroTOBOK.  OnpeAeneHbi  3aKOHOMepHOCTM  noBeAeHMn  nerMpyiomero 
sneMeHTa  c  BbicoKon  ynpyrocTbK)  napa-amoMMHMn,  Apyrnx  nernpytoiAMx 
(Si,Zr)  m  npMMecen  (Fe,0,H,N)  b  3aBMCMMOCTM  ot  cocTaBa  LUMXTbi  m 
TBXHonorMHecKMx  napaMeTpoB  3nriE.  MccneAOBaHO  BnnnHMe 
TexHonorMHecKMX  napaMeTpoB  npoi4ecca  Ha  xmmmhbckmm  cocTaB 
no/iynaeMbix  cnnaBOB. 

noKa3aHa  B03M0>KH0CTb  nonyneHMa  MHoroKOMnoHeHTHbix 
TMTaHOBbix  cnnaBOB  3aAaHHoro  cocTaBa  mbtoaom  aneKTpoHHO-nyHeBon 
nnaBKM  c  npOMe>KyTOHHOM  eMKOCTbK)  (3JinE)  B3aMen  TpaAMAnoHHoro 
MeTOAa  -  BaKyyMHO-AyroBoro  nepennaBa  (Bflfl). 

©  C.A  (Pupcmoe.,  B.M.Ma3yp,  A . H. Ka  huh  ton,  f1.fl.KynaK,  2000r. 
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snnm  KOP03ifiHoro  cepeaobhu4a  i  temfiepatypm 

HA  MHKJlIHHy  TPIIHHHOCTIHKICTb  METAJIOKEPAMIK 
CMCTEMH  Ti-Si 

BM ■  Bacunie  a,  O.n.  Ocmaiu  a,  B.l.  Maayp  b,  AM-  leacuimiH  a, 

C.B.  KanycmniKoea  b 

a)  0i3MKO-MexaHiHHnPi  iHCTmyr  iM.  r.B.  KapneHKa  HAH  YKpaiHM, 

rflbBiB,  YKpaiHa 

b)  Hai^iOHanbHa  MeianyprinHa  AKa^eMla  YKpafHM, 
m.  flHinponeTpOBCbK,  YKpaTHa 

lH>KeHepHi  Maiepiann,  TaKi  hk  KOMno3mn  3  MeianeBOK)  MaTpM- 
i\e\o,  Bee  Lunpuje  3acrocoByK)TbCH  aji«  BMroTOBneHHn  KOHCTpyKqiMHMx 
eneMeHTiB  cynacHUX  BMcoi<oec})eKTMBHMX  eHepreTMHHMX  npMCTpoi’B  (ra30- 
bmx  Typ6iH,  ABuryHiB  BHyTpiLUHboro  3ropnHHn  TOLqo),  a  TaKO>K  Ihluhx  npM- 
naAis  i  MaiiiMH,  ao  hkmx  CTaBnaTbca  BviMorn  L140AO  bmcokmx  nmoMoY  Miq- 
hoctI,  >xapo- 1  Kopo3iMHoV  CTiMKOdi,  onopy  3apOA>KeHHK)  m  pocTy  btomhmx 
TpiLAMH.  OAHaK  pe3ynbTaTW  AOcniAweHb  onopy  MeianoKepaMiHHMX  kom- 
no3MTiB  Ti-Si  3apoA>KeHH \o  i  pociy  btomhmx  TpiiAMH  e  o6Me>KeHMMM. 
npaKTMMHO  BiAcyTHi  pe3yobTaTM  BnnMBy  KOpo3iMHoro  po6o4oro  cepeAO- 
BMiAa  Ha  qMKniHHy  TpimwHOCTiMKicTb  mmx  MaiepianiB. 

Y  ABHiM  po6oTi  noABHO  pe3ynbTaTM  BMnpoSyBaHb  Ha  MMKJiiHHy 
TpiunMHocTiMKicTb  MeianoKepaMiHHoro  KOMno3MTa  y  BMxiAHOMy  CTaHi 
nicnn  eneicrpOAyroBoro  nepennaBy  (ciaH  A1)  Ta  Mboro  >k  Maiepiany 
nicnn  TepMOAecf)opMaMiMHoY  o6po6KM  (ciaH  A2). 

Ha  niACTaBi  eKcnepMMem-anbHMx  abhmx  noOyAOBaHi  KiHCTMHHi 
AiarpaMM  btomhoto  pyPtHyBaHH*  (KflBP).  flna  Maiepiany  y  BMxiAHOMy 
CTaHi  (A1)  BCTaHOBneno,  imo  noro  noporoBi  3HaHeHHn  A Kth  e  Ha  piBHi 
KOHCTpyKMiMHMx  aniOMiHieBMx  Ta  TMTaHOBnx  cnnaBiB  (pMC.  1  a).  Kopo3iMHe 
cepOAOBnuje  neu^o  3HM>Kye  xapaKTepMCTMKM  onopy  pocTy  tpilmmhm  b 


MbOMy  K0MH03MTI. 
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flocnifl>KeHHfl  lubmakoctI  pociy  btomhoT  Tpiu^MHM  (LUPT)  b 
Maiepiani  A2  noKa3ano,  u\o  BiH  Mae  bmli^mm  onip  pociy  TpiLquHn,  Hi>K 
BuxiflHMM  A1  (prtc.  1  b),  ocoSjimbo  y  BMCOKoaMnniTyflHiM  oSnacTl.  L(e 
noB'fl3aHO,  b  nepiuy  nepry,  3i  CTpyKTypHHMM  3MiHaMM  Maiepiany 
BHacniflOK  TepMOAecf)opMa4iMHoT  o6po6KM. 

noripujeHHfl  xapaKTepucTMK  lymkhIhhoT  Tpiu^MHOCTiwKOCTi  MaTe- 
pianiB  Ti-Si  y  K0p03iMH0My  cepeflOBnu^i  3B’*3aHe  3  Ha^BHicTK)  b  KOMno3M- 
qiax  hr  neryBanbHux  eneMemiB  (Al,  Zr),  TaK  i  CKJiaAHMx  cmti^mahmx  ra 
iHTepMeTajiiAHHx  cpa3,  aid  MaiOTb  pi3Hy  K0p03iwHy  TpMBKicTb. 


Pmc.  1.  KflBP  MeianoKepaMiK  Al  (a)  i  A2  ( b )  Ha  noBhrpi  Ta  b  3  % 
p-Hi  NaCI. 

Ha  nifldaBi  eneirrpoxiMiHHMx  Aocnifl>KeHb  KOMno3nriB  i3  pi3HMM 
cniBBiAHOLueHHHM  cf)a3  BdaHOBneHO,  140  ix  nacMBaMiMHi  napaMeipw  y 
nopiBHHHHi  3  hhctmm  TMtaHOM  Ha  nopHflOK  ripLui.  flna  qwx  MaTepianiB  xa- 
paiaepHe  no/ieriueHe  npotjKaHHH  hk  aHOflHoro,  TaK  i  KaTOflHoro  npo4eciB. 
noKpaiAeHHH  Kopo3iMHMx  napaMeTpiB  (niABMLMeHHH  nonapMsaqiMHoro 
onopy  Ta  3Hn>KeHHH  nacHBaqiMHMx  cTpywiB)  MO>KHa  AOcamyTM  38ba^km 
36ijibLueHHK)  AUcnepcHOCTi  KepaMiHHOi  cf)a3M  (MaTepian  A2). 
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BHacniflOK  Biinpo6yBaHb  MaTepiany  A2  Ha  LjHKniHHy 
xpimHHOCTiMKicTb  b  Aiana30Hi  TeMnepaiyp  20. ..700  °C  Bifl3HaneH0  3poc- 
T3HHJ1  LUPT  b  cepeflHiw  flmflHui  KflBP  (A K  =  5,0. ..12, 5  Mfla  Vm)  npw 
TeMnepaTypi  nonaA  500  °C  (puc.  2).  3i  3pocTaHHHM  TeMnepaTypw  3Ha- 
neHHH  AKfC  a©lao  36iiibiuyeTbca,  a  AKth  3MeHiuyeTbCR. 

Ha  niACTaBi  AOcniAweHb  BCTaHOBneHO,  mo  ah*  MeianoKepaMiK 

CMGT6MM  Ti-Si  OnTMManbHOK)  3  TOHKW  30py  Cny>K60BHX  BJiaCTHBOCTeM  e 
CTpyKTypa  3  ABocpa3HOK)  (a  +  P)  MaTpMAeK)  AHcnepCHiix  3epeH  TWTaHy, 
CKynneHHH  hkmx  OToneHi  KonoHmMM  aP«6hhx  cmiiMMAiB  Ta  iHTepMe- 
TaniAiB  Tuny  (Ti,  Zr)5Si3  m  yTBOpiOfOTb  MiLjHMM  "KapKac". 


Puc.  2.  BnmiB  bmcokmx  TeMnepaiyp  Ha  KflBP  MaTepiany  A2. 
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CniBCTaBneHhm  KepaMiHHux  i  MeTanoKepaMiHHMx  MaTepianiB  3a 
xapaKTepMCTMKaMU  MiqHocTi  i  TpitnwHOCTiuKocTi  noKa3ano  cyrrcBy  nepe- 
Bary  MeianoKepaMiKu,  HKa  3yMOBneHa  bmcokokj  B’fmiCTio  MeianiMHoY  oc- 
hob m  Ta  MipHicTto  BHacniflOK  apMyBaHHH  KepaMiHHOio  4>a30HD.  npoie  no- 
piBHHHO  3  BMCOKOMil^HMMM  CTajlHMH,  aJIfOMiHiCBMMM  i  TMTaHOBMMH 
cnjiaBaMM,  MeianoKepaMiKu  npw  3aflOBmbHnx  noporoBMx  (A Kth)  MaroTb 
HH3bKi  KpHTMHHi  (A  Kfc)  xapaKTepHCTMKH  LlMKJliHHOI  TpilUMHOCTiMKOCTi 
(10. ..20  Mna  Vm  fljiH  KepaMiK  i  MeianoKepaMiK  npoTM  50. ..100  Mila  Vm 
CTanew  i  TmaHOBHX  crinaBiB).  ToMy  ajih  hobhx  MaTepianiB  Tuny  Ke¬ 
paMiK  i  MeTanoKepaMiK  ponb  KiHeTHHHMX  fliarpaM  btomhoto  pywHyBaHHH 
(oTpMMyBaHHx  Ha  cia^iT  pocry  MaKpoTpiinHHH)  hk  pecypCHMx  xapaicre- 
pMCTMK  CTac  npoSneMaTHHHOK),  TyT  Heo6xiAHi  HOBi  cJ)i3MK0-MexaHiHHi  nifl- 
xoflii,  noB'H3aHi  3  ol^hkoio  noLUKOfljKyBaHOCTi  b  npoi^eci  3apofl>KeHHH  no- 
naTKOBoro  MaKpo,qe4)eKTy. 

©  E.fl.  Bacunie,  O.fl Ocmaiu,  B.t.  Ma3yp,  A.fl.  leacuiuUH,  C.B.  KanycmHtKO ea, 2 0 0 0 r. 

CONTROL  OF  STRUCTURE  AND  PROPERTIES  OF  CR-NI-N 
EUTECTIC  ALLOYS 

A.  Kazakov 

St. -Petersburg  State  Technical  University,  Steel  and  Alloys  Dept., 
Basseynaya  37-49, 

St.-Petersburg,  Russia 

Cast  chromium  alloys  of  system  Cr-Ni-N  were  studied  in  a  wide 
range  of  variation  of  chromium  concentration  (35-54%)  and  nitrogen 
concentration  (0.002-1.080%),  ensuring  the  formation  of  various 
structures  from  pure  nickel-chromium  austenite  to  two-phase  alloys  with 
predominant  content  of  ot-phase. 
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c'  TKe  experimental  data  were  processed  and  presented  in 'form  of 
corresponding  space  topographies  illustrating  the  effect  of  nitrogen  and 
chromium  on  alloys  structure  and  properties.  From  the  analysis  of  these 
results  it  was  revealed,  that  the  nitrogen  austenites  the  alloys  structure 
ensuring  the  significant  improvement  of  their  strength  properties  at 
900°C.  The  increase  of  nitrogen  concentration  from  0.002  to  0.8%  in 
single-phase  austenite  alloys  results  in  doubling  of  Rm  at  900°  C,  and  the 
monotonically  increasing  nature  of  this  relationship  allows  to  recommend 
melting  of  these  alloys  at  the  nitrogen  pressure  above  the  atmospheric 
pressure.  For  the  alloys  containing  more  than  45%  of  chromium,  the 
relationship  Rm  (900  °C)  =  f([N])  is  of  the  extreme  pattern.  Therefore,  the 
optimum  nitrogen  concentrations  (0.2-07%  in  function  of  the  chromium 
content  of  54-45%,  respectively)  are  sufficiently  high  to  suppress  the 
decomposition  of  y-solid  solution,  but  they  are  limited  by  the  progress  of 
the  eutectic  crystallization  process.  Thus,  the  contribution  of  nitrogen  to 
the  formation  of  structure  and  properties  of  high  chromium  alloys  is 
crucial,  and  the  revealed  regularities  in  this  element  effect  on  the  above 
mentioned  alloys  specifications  allow  to  justify  the  selection  of  melting 
conditions,  ensuring  the  optimum  alloying  with  nitrogen  and  high 
mechanical  properties  of  alloys  with  different  chromium  content. 

The  determinant  contribution  of  nitrogen  in  formation  of  structure 
and  properties  of  eutectic  high  nickel-chromium  alloys  was  shown  and  the 
limits  of  optimum  alloying  with  nitrogen  for  these  alloys  were:  justified;  in 
particular,  for  the  two-phase  alloys  the  optimum  nitrogen  contents  should 
be  significantly  high  to  suppress  the  decomposition  of  g-solution  and  to 
austenitize  the  structure,  however,  they  are  limited  by  the  development  of 
the  process  of  eutectic  crystallization. 

©  A.  Kazakov ,  2000. 
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EUTECTIC  ALLOYS  FOR  SEMI-SOLID  FORMING  TECHNOLOGY 

A.  Kazakov 

St -Petersburg  State  Technical  University,  Steel  and  Alloys  Dept., 
Basseynaya  37-49, 

St.-Petersburg,  Russia 

The  semi-solid  forming  (SSF)  technology  is  based  on  the 
peculiarities  of  rheological  behavior  of  semi-solid  materials  (SSM).  In 
turn,  the  rheological  characteristics  depend  on  alpha  solid-solution 
morphology.  Therefore,  the  characterization  and  control  of  alpha  solid- 
solution  morphology  at  each  stage  of  SSF  technology  are  of  prime 
importance  for  a  successful  realization  of  this  technology.  We  developed 
Thixomet  software,  which  offers  direct  visualization  and  measurement  of 
complex  structures  and  3D  relationships.  Thixomet  performs  a  total 
quantitative  description  of  2D  and  3D  SSM  structures,  including  3D 
parameters  of  the  skeleton  structure  and  the  real  morphology  of  the  alpha 
grains.  This  study  revealed  that  the  SSM  structure  has  been  totally 
skeletonized.  A  multiply  connected  skeleton  of  the  structure  is  a  key 
attribute  of  SSF  technology  and  is  an  inherent  characteristic  for  ail  SSM 
suppliers.  Many  of  SSF  technology  problems  can  not  be  solved  without 
an  understanding  of  the  nature  of  skeleton  structure  formation  and  its 
evolution  at  all  stages  of  SSM  production 

The  fraction  liquid-temperature  relationship  provides  the 
fundamental  basis  for  the  design  of  alloy  compositions  for  SSF 
technology.  Therefore,  a  search  for  new  SSM  compositions,  as  well  as 
physicochemical  understanding  of  the  SSF  technology  processes,  is 
impossible  without  analysis  of  the  temperature  dependence  nature  of  the 
liquid  fraction.  This  information  is  obtained  from  differential  scanning 
calorimetry  (DSC)  aided  by  thermodynamic  modeling.  The  estimated 
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results  in  the  current  study  were  obtained  using  the  commercial  program 
ChemSage  4.1  and  the  thermodynamic  database  SGTE. 

The  physicochemical  composition  selection  criteria  for  alloys 
produced  by  SSF  technology  have  been  developed.  The  database  of 
critical  points  for  the  "fraction  liquid-versus-temperature"  curves  for  the 
commercially  important  aluminum  alloys  has  been  created  on  the  basis  of 
thermodynamic  modeling  and  DSC  experiments.  The  numerical  values  of 
the  critical  points  from  the  "fraction  liquid-versus-temperature"  curve  can 

UK'  -SO:.  \f '  !-1  ‘"'i 

be  used  to  optimize  the  chemical  composition  of  the  alloys  produced  by 
SSF  technology. 

©  A.  Kazakov,  2000. 
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OCOBEHHOCTU  T  A303BTEKT0MflH0M 
PEAKL4HM  B  rHflPHflOOBPA3YK)mHX  METAJ1F1AX 

B.tO.Kapnoe 

HaqwoHanbHan  MeiannyprHHecKan  AKapeMm  yKpawHbi, 
rflHenponeipoBCK,  Y^pama 

KaK  panee  6bmo  ycTaHoeneHO  [  1  ],  nonwMopcpHoe  npeBpameHne 
b  p^fle  MeTannoB  b  npMcyTCTBMM  BOflopo/ja  conpoBCDKAaeTcn 
ra303BT6KT0HflH0M  peaKLiMen  (  .qiifi  >Kene3a:  aycrreHMT  HacbimeHHbiPi 
eoflopoflOM  (  A  )  pacna,qaeTCfl  Ha  cpeppiiT  (  0  )  m  BOflOpofl  (  H  ). 
3apo>KqeHMe  ra30Bow  cf>a3bi  b  cnnoujHOM  MeTanne  3aTpyAHeH0,  hto 
npHBOflMT  k  o6pa30BaHmo  Ha  Me>KCj)a3HOM  rpaHmje  ocoSoro  cnon 
MeTanna  (  H-cnon  )  [2]  nepecbiineHHoro  boaopoaom.  Mmghho 

o6pa30BaHne  SToro  H-cnon  nem\T  b  ocHOBe  p^fla  acpcpeKTOB: 
caMonpon3BonbHOM  AecpopMaqiiM  >Kene3a,  CHH>KeHMfl  ero  npoHHOCTM  h 
Apyrnx.  Uccne.qoBaHMH  nonnMopcpHbix  rnApn,qoo6pa3yK)Li4Hx  MeTannoB 
(  Z r,  Hf,  Ti  )  noKa3ann  cymecTBeHHoe  OTnwwne  MexaHM3M a  npoTeKaHMn 
ra303BTeKT0MflH0M  peaKi4mi  b  3tmx  Meiannax.  (lepBbm  3Tan  npOTeKaHM* 
peaKqMM  -  Hanano  p-a  nonnMopcpHoro  npeBpameHMn  (3apo>KfleHMe  a- 
cpa3bi )  TaK  >xe  conpoBO>KAaeTCfl  nepecbimeHMeM  Me>»«$>a3HOM  rpaHmjbi 
BOflopojqoM,  KOTopbm  He  ycneBaei  AMcpcpyHAHpoBaTb  b  rny6b  MeTanna. 
BbicoKwe  KOHLieHTpaqMM  BOflopofla  npwBOAHT  k  flecpopMapMM  peweTKii  m 
yBenwHeHMK)  ee  AecpeKTHOCTM.  KaK  mnbKO  KOHLjeHTpaAWH  BOflopofla  Ha 
rpaHHLje  AByx  cpa3  AOCTHmeT  BennHMHbi,  AOCTaTOMHOH  ajih  o6pa30BaHiin 
rwApHfla,  npowcxoAMT  xMMHHecKan  peaKuinn  m  Ha  cppom-e  npeBpameHnn 
noHBriHeTCH  HOBafi  cpa3a  -  thapha  MeTanna.  flpn  stom  nepecbimeHMe 
cppOHTa  p-a  nojiMMopcpHoro  npeBpameHMH  boaopoaom  b  stom  ynacTKe 
pe3K0  CHH>KaeTCH  m  CMHTe3  rHApHAa  npeKpamaeTC«.  flanbHePtwee 
ABM>KeHne  cppoHTa  noniiMopcpHoro  npeBpameHHfl  b  my6b  MeTanna 
MHoroKpaTHo  noBTopneT  stot  npOAecc.  B  pe3ynbTaiet  nocne 
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npoxo>KfleHMfl  cppOHTa  nontfMOpcpHoro  npeBpameHMH  no  06-beMy 
MeTanna,  Mbi  MMeeM  MeTannnHecKyio  oc-MaTpuqy  c  BKpanneHMaMM 
rnflpnflOB  pa3nnHHoro  CTexnoMeTpunecKoro  cociaBa.  Wcnonb30BaHne 
SToro  acpcpeicra  no3Bormer  Becm  rnflpnpoBaHne  MeTanna  no  BceMy  ero 
06-beMy,  a  He  TonbKO  c  nOBepXHOCTM.  rnflpnflbi  MMewT  MeHbLuyK) 
nnoTHOCTb  h  ©onbLuyK)  TBepAOCTb,  neM  Meiann,  nooTOMy,  Kor,qa  npoqecc 
rwApHpoBaHnn  MfleT  c  noBepxHOCTM  o6pa3Ma,  BHyTpeHHViM  m  Hapy>KHbiw 
o6*beM  o6pa34a  McnbiTbiBaeT  3HaMHTenbHbie  HanpnweHMH,  hto  npHBOflMT 
K  06pa30BaHMK)  TpeLL|MH.  Ilpw  nOBTOpeHMH  TepMOl4HKnOB  mflpHflbl 
MeTanna  pacryT  nocTeneHHO  m  Becb  MeTann  paBHOMepHO  nepexoflMT  b 
XMMMHecKoe  coeAMHeHwe.  3to  npnBOAHT  k  nonyneHmo  rMflpMfla 
OAHopoflHoro  cocTaBa  c  MenKOKpHCTannMHecKOPi  CTpyicrypoM  m  HM3KHM 
ypoBHeM  BHyTpeHHMX  Hanpn>KeHHH.  OcHOBHoe  aoctomhctbo 
iicnonb30BaHMH  3Toro  acpcpeitTa  -  HM3Koe  AaeneHHe  HacbimeHHn 
BOAopo^a  no  cpaBHeHMK)  c  TpaAWMHOHHO  ncnonb3yeMbiM.  3to  bo3mo>kho 
b  cneACTBtie  oneHb  cnnbHoro  (  b  cothm  pa3  )  nepecbuneHim  boaopoaom 
H-cnon  no  cpaBHeHHK)  c  paBHOBecHbiM  coAepwaHtieM  BOAopoAa  b 
MeTanne  npH  AaHHbix  TepMo6apnHecKnx  ycnoBHnx. 

JlUTEPATyPA 


1.  LUanoBanoB  B.M.,  KapnoB  B.fO.  PBneHne  Bp3HHKHOBeHnn  noABM>KHbix 
BOAOpOAOHacbiiAeHHbix  MeTacTa6nnbHbix  30H  npw  nonwMOpcpHOM 
npeBpaLAeHMM  MeTannoB.// 5.M.  -  1986.  -  Ns31.-C.1. 

2.  LUanoBanoB  B.M.,  KapnoB  B.K).  O  npnpoAe  aHOManbHOM  cnoHTaHHon 
AecpopMauuM  >Kene3a  b  npncyTCTBMM  BOAopoAa.  //  0M3WKa  MeTannoB 
m  MeTannoeeAeHHe.  -1983.-  T.55.-Bbin.4.-C.805-811. 

©  B.fO.Kapnoe,  2000r. 
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POJlb  AABJ1EHMB  BOflOPOAA  B  OOPMHPOBAHMM  CTPYKTyPbl 
rA303BTEKTMHECKMX  Cn/IABOB. 

H.n.  CepdtOK 

HamioHajibHaa  MeiannyprHHecKaa  AKafleMvtn  YKpaMHbi 
r.flHenponeTpoBCK,  YKpaMHa. 

BnnaHiie  flaB/ieHna  BOflopo/ja  Ha  CTpyKrypoo6pa30BaHMe 
ra303BTeKTMHecKMx  cnnaBOB  npOHBnneTCH  cneflyiou^MM  o6pa30M.  KaK 
TepMOflMHaMMHecKMM  cpaicrop,  flaBJieHMe  (BcecTOpOHHee  cwaTMe 
CMCTeMbi)  coocoGho  B03fleHCTB0BaTb  Ha  ocHOBHbie  napaMeTpbi  npOLjecca 
KpncTannn3amiM  pacnnaBOB,  M3MeHaa  TeMnepaTypy  onaBneHkm, 
KOHueHTpaqMK),  oG-beM,  nnoTHOCTb  m  flp.  C  apyrow  cTopoHbi,  flaBneHMe 
BOflopofla  BMecTe  c  TeMnepaTypow  onpeflenntOT  pacTBopMMOCTb 
BOflopo^a  b  pacnnaBe,  n3MeHHK>Lnero  TeMnepaTypy  KpMCTanrm3ai4mi  m 
hbjihk)li4mmch  MaTepwanoM  ra30Bbix  KaHanoB  npn  cpopMHpoBaHMM 
ra303BTeKTMHecK0H  CTpyKTypbi  cnnaBa  MeTann-BOflopofl.  B  to  we  BpeMn 
flaeneHMe  BOflopo,qa  KocBeHHbiM  o6pa30M  B03flewcTByeT  Ha 
KpncTannn3ai4MK)  pacnnaBa  nocpeflCTBOM  TennoMaccooGMeHa 
3aTBepfleBaK)ineM  otjihbkm  c  OKpywafOLnefi  ee  ra30B0M  cpe/jotf. 

Hpw  MCcneflOBaHMM  BnunHua  .qaBneHMn  BOflopofla  Ha 
pacTBopMMOCTb  MeTarma  Gbmo  oGnapyweHO,  hto  ajih  Ni,  Co,  Cr  w  Ti  npH 
onpeflenenHbix  napaMeTpax  b6tih3m  TeMnepaTypbi  nnaBneHMa  33koh 

CHBepTca  (SH  =  7  )  He  coGmoflaeTca.  rioflTBepwfleHiieM 

OTpi^aTenbHoro  oTK/iOHeHim  ot  3aKOHa  CwBepTca  npn  BbicoKwx 
TeMnepaTypax  hbjihkdtch  pe3ynbTaTbi  3KcnepnMeHTOB  no  BnnaHMK> 
BOflopofla  Ha  TeMnepaTypy  nnaBneHwn  MeTanna. 

AHann3  BenMHMHbi  CMeu^eHMn  KpMTMHecKMx  ToneK  MeTarma  nofl 
BflHHHMeM  flaBJieHHn  BOflOpOfla  POBOpMT  0  TOM,  HTO  OCHOBHOe  BJIHHHHe 
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Ha  3tot  noKa3aTenb  OKa3biBa»OT  BenvmMHbi  pacTBOpMMOCTM  BOflOpofla  h  b 
M6HbUJ6M  Mepe  -  Tun  KpMCTarmMHecKOM  peiueTKH  MeTanna. 

Ha  ocHOBaHMM  no/iyHeHHbix  3KcnepMMeHTanbHbix  flaHHbix  6binn 
nocTpoeHbi  AMarpaMMbi  cocTonHim  MeTann-BOflopOA,  BKntoHatOLAMe 
ra303BTeKTHHecKne  paBHOBecim  (Ni-H,  Co-H,  Or-H,  Cu-H,  Mn-H,  Mg-H, 
Ti-H,  Al-H),  KaK  b  AByxKOOpflWHaTHOM,  TaK  m  b  TpexKOOpflMHaTHOM 
M3o6pa>KeHMHX. 

Han6onee  acpc^eKTMBHO  ponb  npwnaraeMoro  AaBneHMn 
npGHBnfleTCH  b  npOL|eccax,  npoTeKatomux  c  M3MeHeHMeM  ofrbeMa,  T.e.  b 
npoLjecce  KpncTannM3ai4nn  HacbimeHHbix  boaopoaom  pacnnaBOB, 
CB«3aHHOM  c  nepexoAOM  MeTanna  H3  WMAKoro  coctohhmh  b  TBepAoe. 
OcHOBHbiM  noKa3aTeneM  3Toro  nepexoAa  HBnneTcn  pa3HW_|a  yAenbHbix 
o6i>eMOB,  cocTonLAaa,  b  ochobhom,  m  o6"beMa  ra30Bbix  KaHanoB  m 
nyCTOT  B  OTJIMBKe.  B  MAeaXlM3MpOBaHHOM  nOHHTHH  AasneHHe  BOAOpOAa  b 
KaHanax  nopMCToro  MeTanna  b  npoLjecce  KpncTannn3ai4HM  pacnnaBa 
paBHO  AaBneHMio  ra30B0H  cpeAbi,  OKpywarotAeM  cnrmBKy.  Oah3ko  Ha 
npaKTHKe  stot  napaMeip  npwHMMaeT  Apyroe  3HaneHMe. 

nW2  „  p1’  _|_  _|_  p* 

A  c.k.  A  oxp.cp.  A  cp.pasd.  -*  <f>.xp. 

rAe  -  pHl  p"  p3*-*  p *  -  A^BneHHe  BOAopoAa  b  ra30Bbix  KaHanax; 

AasneHMe  ra3a  b  cpeAe,  OKpywatOLneft  OTnMBKy;  conpOTMBneHwe 
noBepxHOCTHoro  cnon  OTni4BKM  Ha  rpaHwqe  pa3Aena  >kmakhm  pacnnaB  - 
ra30Ban  cpeAa  B03AeMCTBW0  cwcreMbi  nopMCTbm  MeTann  -  >KMAKOCTb; 
conpoTMBneHMe  >KMAKoro  pacnnaBa  y  c}5pOHTa  KpncTannn3aMnn  pocry 
ra30Bbix  KananoB. 

TennooGMeHHbie  npoqeccbi  Mex<Ay  omHBKow,  ra30B0w  cpeAon  m 
KpncTannn3aT0p0M  nocne  3annBKM  pacnnaBa  b  <$opMy  CTHMynnpyK>T 
pe3Koe  cHH>KeHMe  >KHAKOTeKyHecrm  Ha  rpaHmje  pa3Aena  omMBKa  - 
ra3oean  cpeAa  c  o6pa30BaHneM  kopkm  3aTBepAeBLuero  MeTanna.  flpn 
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3tom  3HaHeHMe  padeT.  OflHOBpeMeHHO  npo,qoji>KaK)LU(aflCfl 

1  tp.pwd. 

KpMCTannn3ai4MFi  HacbimeHHoro  boaopoaom  pacnnaBa  cnoco6cTByeT 
BbiAeneHMK)  ra3oo6pa3Horo  BOAopoAa  m  pociy  ra30Bbix  KaHanoB 
nopwcToro  Meianna.  3to  npiiBOAMT  k  SbicrpoMy  noBbiLueHuto  AaBneHnn 
b  cucreMe  nopucTbm  MeTann  —  >kmakmm  pacnnaB.  B  onpeAeneHHbiw 
MOMeHT  BpeMeHM  3to  AasneHMe  npeBbicm  p™*  ,  mto  npUBeAeT  k 

■L  {p.fxad. 

AecpopMai^nM  kopkm  MeTanna,  a  3aTeM  pa3pbiBy  c  nocneAyioiAMM 
pa3nnBOM  pacnnaBa  HaA  nOBepxHOCTbK)  othhbkh.  flpn  stom  3HaneHne 
PZp™>  ’  a  TaK>Ke  AaBJieHwn  b  cucreMe  nopMCTbiw  MeTann  -  >kmakmm 

pacnnaB  pe3K0  CHnwaeTcn.  B  xoAe  KpMcrannn3aLjMM  otjimbkm  stot 
npoqecc  MOweT  MHoroKpaTHO  noBTopnTbcn. 

Bee  mMenenm  3HaHeHnn  nepe3 

JL  tp.pa.ti. 

He3aKpncTajinM30BaBLLJMMca  pacnnaB  OTpawatOTcn  Ha  CTpyKType 
nopMdoro  MeTanna,  npMBOAflT  k  MHoroKpaTHbiM  M3MeHeHMflM  A^aMeTpa 
KaHana  b  npoi^ecce  mx  pocra,  a  Taioxe  k  o6pa30BaHMK)  rocppwpoBaHHOM 
cpopMbi  noBepxHOCTH  KaHanoB.  npM  stom  CTeneHb  M3MeHeHMn  CTpyKTypbi 
b  npOL^ecce  ra303BTeiawHecKoro  npeBpameHHn  b  cucreMe  MeTann  - 
boaopoa  b  ochobhom  onpeAennercn  reMneparypoM  pacnnaBa, 
BpeMeHeM  3aTBepAeBaHMn  oinmm,  AaBneHMeM  m  cocTaBOM  ra30B0w 
cf)a3bi  ycTaHOBKM,  -  T.e.  creneHbK)  MHTeHCHCfwKaLjMn  TennooGMeHHbix 
npoi4eccoB  Ha  rpaHnqe  pa3Aena  orntiBKa  -  rasoBan  cpeAa.  I“lpn 
onpeAeneHHbix  ycnoBnnx  3aTBepAeBaHnn  OTnnBKM,  3HaneHne  p*0  '  ,  a, 

■*  ep.pcad. 

cneAOBaTenbHO,  m  AaBneHMH  b  cucreMe  nopMCTbiM  MeTann  -  >kmakmm 
pacnnaB,  AOCTwraeT  onpeAeneHHoro  An*  ashhom  TeMnepaTypbf 
noporoBoro  3HaHeHMn,  cnocoSHoro  Bbi3BaTb  nepeoxna>KAeHne 
OAHOBpeMeHHo  bo  BceM  oSi^eMe  He3aKpncrannn30BaBLuerocfl  pacnnaBa 
c  nocneAyfOLi|eM  o6-beMHOM  KpncTannM3ai4MeM.  3to  HBneHwe 
xapaKTepn3yeTcn  nonHbiM  pa3ynop«AOHMBaHneM  crpyKTypbi  nopHCToro 
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MeTanna  -  OHa  HanoMMHaei  CTpyicrypy  rpyGoro  KOHrnoMepaTa.  Ann 
CHM>KeHMa  HeraTMBHoro  bjimahm^  b  npoLjecce  KpncTarmn3aLjMM 

JT  tp.patd. 

nopucrroro  MeTanna  b  MecTe  pa3jiMBa  pacnnaBa  Haa  noBepxHOCTbto 
otjimbkm  np0H3B0^aT  flononHMTenbHbfM  noflorpeB  mjim  npiiHHMafOT 
flpyrwe  Mepbi  b  3aBMCHM0CTM  ot  KOHCpMrypaqMM  m  CTpyKTypbi  omuBKn. 

ConpoTMBJieHne  xwflKoro  pacnnaBa  y  cppoHTa  KpncTannn3aLjMM 
pocTy  KaHanoB  P^p,  HaxoflnTcn  b  npnMon  3aBMCHMOCTM  ot  bh3koctm 
pacnnaBa  m  nBnneTcn  ycpeflHeHHOM  BenMHMHon,  TaK  KaK  npn 
TeMnepaTypax,  6nn3Knx  k  TeMnepatype  KpMCTannM3ai4MM  pacnnaBa, 
cornacHO  KBa3nnonnKpMCTannnHecKoPi  MOflenn  CTpoeHun,  ero  CTpyicrypa 
npeACTaBnneT  co6on  coneiaHne  KnacTepos  w  paaynopnqoMeHHbix  30H  c 
6onee  pbixnbiM  pacnono>KeHMeM  nacTuq.  rioaTOMy,  b  xo,qe  pocia 
ra30Bbie  KaHanbi  0Ka3biBai0Tcn  b  HeoflMHaKOBbix  ycnoBunx:  Kananbi, 
BpacTajoLAne  b  nnoTHbie  rpynnupoBKn,  chmxoiot  awaMeTp  n  MoryT 
3axnonHyTbcn,  a  KaHanw,  BpacTajomwe  b  pbixnyto  CTpyjcrypy  pacnnaBa, 
yBenMHMBaioT  flnaMeTp  m  MMeiOT  6onbi±iyK)  npomweHHOCTb.  flnn 
CHM>KeHMfl  HeramBHoro  BnunHun  HeoAHopoAHocTM  pacnnaBa  y  cJjpoHTa 
KpncTannn3aAMM  Ha  pocT  KaHanoB  Heo6xo,qnMO  C03aaTb  onpeaeneHHbie 
TepMOKHHemHecKMe  ycnoBwn  KpwcTannn3ai4nw  pacnnaBa, 
3aicnK)HaiOLHMecH,  npe>Kqe  Bcero  b  tom,  HTo6bi  noBbiCHTb  TeMnepaTypy  11 
CKopocTb  oxna>KAeHnn  pacnnaBa. 

©  H.n.  CepdioK,  2000r. 


212 


©Eutectica-V 


SBTeKTMKa  V 


OCOBEHHOCTH  OOPMUPOBAHMfl  CnflABOB 
rA303BTEKTUHECK0r0  TMIA  nPM  HAMOPA>KHBAHMH  B 
HAI1PABJ1EH m  CHJlbl  rPABMTAUHH 

A.r.  TuhweHKO 

rocyAapcTBeHHaa  MeiannyprHnecKan  AKaflewn^  YKpanHbi, 
r.flHenponeTpoBCK,  YKpawHa 

B  ocHOBy  pa6oTbi  nonoweHbr  pe3yjibTaTbi  nccneflOBaHnfi 
ra303BTeKTMHecK0Pt  KpMCTanrui3aL4MM  b  cucieMe  MeTann-BOAopoA, 
npoBOAMMbix  b  rocyflapcTBeHHOM  MeTarmypmHecKOM  AKa^eMHM 
YKpaMHbl  M  n03B0nMBLUMX  nOJiyHMTb  HOBbIM  riOpMCTblM  K0Mn03MqM0HHbm 
Marepnan  (ra3ap). 

rionyHeHMe  ra3apoB  BK/ijonaeT  HacbimeHMe  pacnnaBa 
boaopoaom  m  nocneAyKDLMyK)  KpMCTannii3aL4MK)  b  ycnoBMHX 
HanpaBneHHoro  TennooTBOAa.  H3BecTHbie  cnocoGbi  He  no3BonHK>T  b 
noiiHOM  Mepe  pacKpbiTb  3aKOHOMepHocfn  Kpnciannn3ai4nn  cnnaBOB 
ra303BTe«TMMecKoro  Tuna  M3-3a  (JjaicropOB,  He  noAAaiOLAMXcn  KOHTponio 
MHTeHCMBHoro  nepeMeuiHBaHiiH  pacnnaBa  npw  pa3nnBKe,  ero 
npex<AeBpeMeHHoro  oxna>KAeHnn  bo  BceM  oG^beMe,  3axBaia  TBepAbix 
BKnfOHeHHM,  OTpbiBa  rasoBbix  ny3bipbKOB  c  noBepxHOCTM  cJ)pOHTa 
KpncTannM3aqmi. 

flnn  npOBeAeHHH  SKcnepiiMeHTOB  cnpoefcrnpOBaHa  m 
M3roTOBneHa  naGopa-ropHan  yciaHOBKa,  npeACTaBnn  toman  coGofi 
aBTOKnaB  BbicoKoro  AaBneHHn,  b  HkOKHew  nacTM  KOTOporo  noMemeHa 
nnaBHnbHan  nenb,  b  BepxHew  -  ycTpowcTBO,  c  nepeMeLAatoiAMMcn 
xonoAMnbHMKOM.  Meiann  HacbiunanM  boaopoaom  H3  ra30B0M  cpa3bi  b 
Awana30He  AaBneHMH  0,01-10  Mila.  TeMnepaTypy  pacnnaBa  n3Mepnnn  c 
TOHHocTbHD  ao  ±  5K.  3KcnepnMeHTanbH0  onpeAeneHa  onTMManbHan 
cxeMa  HaMOpaxoiBaHMn  b  HanpaBneHMM  cwnbi  rpasmai^m,  no3BOnnBUjan 
noBbiCHTb  ycTOMHHBOdb  ra30B0M  cpa3bi  Ha  cfjpoHTe  KpncTannM3aqnM, 
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M36e>KaTb  MHTeHcuBHoro  nepeMeujMBaHMfl  pacnnaBa  b  MOMeHT 
conpnKOCHOBennfl  nocneAHero  c  xonoAwnbHMKOM,  perynupoBaTb 
MeTajinocTarnHecKoe  AaeneHMe  Ha  cfjpoHTe  KpncTannn3ai4MHf  HapyiuaTb 
m  B0306H0BnHTb  KOHTaKT  xonoflMribHHKa  c  pacnnaBOM  b  npoLjecce 
KpMCTanmi3ai4MM.  fl0Ka3aH0  Bnm?Hne  Mopcfionorwi  <J>pOHTa 
KpncTannn3aL|MM  Ha  cfcopMnpoBaHMe  ra30KpncTanrmHecKnx  ctpyicryp  npii 
pearm3  ai\m  ra303BT6KTHHecKoro  npeBpameHMn,  b  nacTHOCTM,  Ha 
B03M0>KH0CTb  n0p006pa30BaHMH,  MHHMManbHbIM  pa3Mep,  cjaopMy  M 
noBepxHOCTb  nop. 

IlpoBeAeHbi  CMCTeMaTMHecKMe  MccneflOBaHwa  bjimhhmh 
flaBneHHfl  ra3a,  TeivmepaTypbi  pacnnaBa  m  hhtohcmbhocth  TennooTBOfla 
Ha  reoMeTpmo  h  CTpyKTypy  ra30KpncTannnHecKMx  kohohhh. 
YcTaHOBneHO,  hto  TeMnepaTypHan  3aBnciiMOCTb  nopHCTOCTH  HaxoflMTcn 

B  XOpOLUeM  COOTBeTCTBHH  C  TeMnepaTypHOM  KpHBOM  paCTBOpMMOCTM 

BOAopo^a  b  Meianne.  nonyneHO  KOCBeHHoe  noflTBep^eHwe 
cymecTBOBaHWH  npOAecca  “KMneHHfl”  flnn  ycnoBHM  oSbNHOM 

KpHCTannn3a4MM  CHpTeMbi  MeTann-BOAOpofl. 

npeflno>KeHO  o6ocHOBaHMe  flMCKpeTHoro  pocTa  ra30Bbix  KaHanoB 
ra3apoB,  ocHOBaHHoe  Ha  nepexofle  ot  HecTaLjMOHapHoro  pacnpeAeneHim 
BOflopofla  B6nn3n  cjDpoHTa  KpncTannn3a4MM  k  CTaL^MOHapHOMy,  npw 
kotopom  cpeflHHH  npOTH>KeHHOCTb  nop  npnMO  nponopAMOHanbHa 
BpeMeHM  peann3ai4MM  yKa3aHHoro  nepexofla,  yBenHHHBafomerocn  c 
yMeHbmeHMeM  flaBneHHH  BOflopofla  m  noBbiuiSHHGM  CKopocTM 
KpncTannn3aL \m. 

npeAno>KeHa  MOAenb  MexaHM3Ma  o6pa30BaHHH  ro<£pa  Ha 
noBepxHOCTH  ra30Bbix  KaHanoB,  BKntonaioLAafl  oynbcaqHio  ra30Boro 
ny3bipbKa  Ha  cfcpoHTe  KpncTannn3ai4HM,  no3BonnBUjaa  ccjDopMynupoBaTb 
ycnoBMe  nonyneHHH  ra3apOB  c  MaKpocKonnnecKM  rnaAKOPi  noBepxHOCTbfo 
nop. 

©  AT.  Tumughko,  2000 r. 
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rA303BTEKTMHECKAR  KPMCTAJlJlM3AL|Mfl  OKCMflHbIX 
PACnJlABOB. 

B.  fO.  Kocmbipn,  fO.  0.  Kocmbipa 

HaquoHanbHaw  MeTannypranecKan  AKafleMna  YKpaMHbi 

r,  flHenponeTpoBCK,  YKpanHa. 

3BTeKTMHecKoe  npeBpaiqeHwe,  Ha6xiK)flaeMoe  npM 
KpncTanjiM3aqmi  cmctcm  “MeTann-BOflopofl”  [1],  aHanorMHHO  npOTeKaeT 
m  b  OKCMflHbtx  cucTeMax  [2].  OflHaKO,  ra30HacbiLneHMe  m  KpncTannM3aqMH 
OKCMflOB  MMeeT  cymecTBeHHbie  omMHua,  KaK  no  KMHeTMKe,  TaK  m  no 
MOpcfconorMM  nonynaeMoro  nnaBneHo-nuToro  nopucroro  cnmKa.  B 
HaCTHOCTM,  B  CMCTeMaX  “OKCMfl-BOAOpOfl”  OTCyTCTByeT  B03M0>KH0CTb 
o6pa30BaHM«  rnflpn,qoB  [3];  BpeMn  “>KMByHecTM”  OKCMflHoro  pacnnaea  m 
BbicoKan  KMHeMaTMHecKan  B«3K0CTb  KpncTarmn3yK)LMMxca  OKCMAHbix 
CMCT6M  He  n03B0riHK)T  nOnHOCTbfO  3ac(DMKCMpOBaTb  B  CJIMTKe  ra30ByKD 
<t>a3Y>  -  hm  ycKOpeHHbiM  oxnaxyjeHiieM,  hm  AecpopMaqMeM  TBepAejoiqero 
pacnnaBa  [4]. 

B  AaHHOM  pa6oTe  HaMM  MccneflOBaHbi  m  ycTaHOBneHb!  ocHOBHbie 
STanbi  nopoo6pa30BaHna  npw  KpncTarmn3aqnn  OKCMflHbix  CMCTeM  MgO- 
Al203)  Ai203-Zr02n  Ca0-Al203,  o6pa6oTaHHbix  H2,  Ar,  CH4  m  mx 

CMeCHMM.  OnbITHbie  CJ1MTKM  BbinfiaBJinJlMCb  M3  6pMKeTMpOBaHHOM  LLIMXTbl 
b  0flH0cf)a3H0M  AyroBOM  aneicrponeHM  MOiqHOCTbfO  150  kBt. 
ra30Hacbiii|eHMe  pacnnaBa  npOBOflMnocb  npM  pa3nMBKe  nepe3 
rpacjDMTOBbiM  cf)MnbTp-npo6Ky.  PacnnaB  pa3nnBanM  b 
TennoM3onMpOBaHHbie  rpacpMTOBbie  M3no>KHMqbi  pa3HMMH0M  cfropMbi.  1/13 
cnviTKOB  Bbjpe3anM  nnacTMHbi,  Ha  KOTopbix  iiccneflOBanacb  MOpcJjonorMn 
nop  m  CTepeonomn  MHrpeAMeHTOB  CTpyKTypbi.  YcTaHOBneHO,  hto 
ochobhom  BKnaA  b  cpopMMpOBaHMe  nopMCToro  aHcaMOnn  ra30-0KCMAHbix 
SBTeKTMK  bhocmt  KpMCTannM3aqM0HHan  Ae4)opMaqMn,  Bbi3BaHHan  KaK 
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AaBJieHMeM  HacbimeHHn,  TaK  m  M36biTOHHbiM  .qaBneHMeM 
KpMCTannn3aMMM  BcneACTBiie  noBbiLueHiin  nxiOTHOCTM  n  b5R3KOCTm 

TBepfleKDLuero  pacnnasa. 

AHcaMGnb  nop  b  onbiTHbix  cnuTKax  npeflCTaBoeH 
npeMMyinecTBeHHo  TpeMn  MOpc})onomHecKMMM  TnnaMn  nop:  ko/iohmm 
Hflp use cko v\  cpopMbi,  o6pa30BaBUJMecn  b  nepwcpepMMHOii  30He; 
ny3bipbKOBbie  GCjDeponuTbi,  <£opMWpyK)LMnecfl  b  oceBon  30He;  nopbi  b 
BHfle  paBHOCtopoHHux  TpeyronbHMKOB,  nonyneHHbie  b  cnuTKax  npn 
HacbiLi^eHMM  pacnnaBa  pa3naraK)LAePtcn  ra30B0M  CMecbK). 
PacnpeAeTieHne  vi  MopcJ)onorMn  nop  nOBTOpneT  xoa  dppouia 
KpncTajuiM3ai4MM  m  OTpa>KaeT  xapaiaep  TennooTBOfla  ot 
KpncTajinn3yK)merocn  cnmKa.  3apo>KqeHne  nop  nponcxoflMT  npn 
TeMnepaType  oKono  2900°C,  o6teMHan  yca^Ka  pacnnaBa  oTcyTCTByeT  m 
cpopMa  ra30Bbix  ny3bipbKOB  6jiM3Ka  k  MAeanbHOM.  no  Mepe  AOCTMweHMn 
pacnnaBOM  KpncTannn3at4MOHHO  -  mAPOCTaTHHecKoro  paBHOBecun  nopbi 
npHoGpefaiOT  oicpyrnyio  (LlnnuHApUHecKyio)  cpopMy,  copneHTupoBaHHyio 
rto  KanpaBneHMio  TennooTBO Aa  c  yrnoM  opneHTaqnn  MM/mHApuHecKnx 
ocert  koopAHHaT  -  120°.  npn  ~2500°C  ny3bipbKH  pa3MepOM  MeHee  0,2  - 
0,3  MM  BCJieACTBMe  o6-beMHoro  30HanbHoro  ynnOTHeHMn 
“3aTflrMBaK)TCfl"  pacnnaBOM.  fa3  npn  3tom  cerpempyeT  b  nokanbHbie 
MMKpooO-beMbi,  MHMi4MMpyn  npOMeccbi  KoanecMeHL^nn  m  ccpepoMAM3ai4MM, 
Heo6xoAMMbie  f\nn  o6pa30BaHnn  ny3bipbKOBbix  nop  -  ccfeponmoB. 
Cynepno3m4Mfl  rpaBmamioHHbix  cnn  m  cun  KpwcTannM3ai4MOHHOM 
AecpopMaqun  npuBOAMT  k  o6pa30BaHwo  "poeB"  ra30Bbix 

HecnnoujHOCTeM,  cpopMa  KOTopbix  onpeAenneTcn  cTeneHbio 

nepeoxnax^qeHun  pacnnaBa  m  HanpaBnenmeM  AewcTBun  cm 

AecpopMaMMu.  Ho  Mepe  3aTBepAeBaHnn  pacnnaBa  nocne  npoxo>KAeHMn 
SBTeicrvmecKoro  nHTepBana  TeMnepaTyp  HapnAy  c  MenKMMu  nopaMM 
cpopMwpyeTcn  Oonbuioe  KonimecTBO  npoTnweHHbix  CKB03Hbix 
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KannnnnpHbix  KaHanoB,  BennMMHa  KOTOpbix  bo  MHoro  pa3  npeBbiiuaeT 
pa3Mepbi  nepBUMHbix  KpMCTannoB  LunnHenw,  mto  co3flaeT  npeAnocbimn  k 
CflOpMMpOBaHMK)  30H  nOpOB3aHMO,qeMCTBMfl.  3T0  MO>KHO  OGtHCHMIb 
AeMCTBweM  cun  HaBefleHHoPi  Aec|DopMai4nM  npn  nepeoxna^eHMM 
cnuTKOB  b  MHTepBane  Me>Kfly  nnHMfiMii  conuflyc  m  nMKBHflyc  - 
ii36biTOHHoe  flasneHne  ra30Hacbiu^eHMn  npnBOflMT  k  o6pa30BaHMK> 
Kflect)opMaL(MOHHb[x  Bnxpen”,  HapywajoiUMx  noKanbHyK)  cnnoujHOCTb 
pacrmaBa  n  nHmjnnpyKHAnx  nopoo6pa30BaHne  no  KannnrmpHbiM 
KaHanaM.  HmeHCMBHoe  ynnoTHeHne  pacnnaBa  nponcxoflUT  OKono 
TeMnepapbi  1800°C,  oh  ciaHOBHTCn  KonnonAHbiM,  oSnacTH  B03AeMCTBnn 
KpMCTannn3ai4M0HH0M  Ae*t>°PMaUMM  AncKpeTM3Mpy»0T  Ha  ero 
MMKpoo6-beMbi,  CBA3aHHbie  Me>Kqy  co6on  KannnnnpHbiMM  KaHanaMn.  flpn 
TeMnepaType  Hn>Ke  1500°C  nopbi  npno6peTafOt  HanpaBneHHyto 
Mopc^onomK)  “KonoHnanbHoro”  mna,  nx  BennHHHa  He3HanMTenbH0 
B03paciaeT  c  yBenHHeHHeM  BpeMeHn  Haxo>KfleHMn  pacnnaBa  b 
Me>KKpMTMHecKOM  MHTepBane  TeMnepaTyp  m  AaBneHnn  ra30HacbmjeHHfl, 
npMneM  3aBMCMMOCTb  Me>Kqy  BpeMeHeM  Bbi,qep>KKM  m  AHaMeTpOM  nop  - 
nMHePiHan,  a  Mex<Ay  flaBneHneM  m  flnaivieTpoM  -  B03pacTaK>u4an, 
rMnepSonMHecKan.  XapaKTepHon  oco6eHHOCTbio  KpMCTannM3ai4MM 
MccneflyeMbtx  ra3oapMMpOBaHHbix  pacnnaBOB  nenneTcn  c|)opMnpOBaHne 
HepeflywLAMxcn  nopMCTO-MOHonMTHbix  cnoeB  npenMyumecTBeHHO  B6nn3M 
oceBOM  30Hbi  cnnTKa.  Plocne  o6pa6oTKM  pe3ynbTaT0B  OKcnepMMeHTa  Ha 
3BM  no  MeTOfly  KOHenHbix  pa3HOCTen  nonyneHa  nMHeMHan 
3aBMCMMOCTb,  cyujecTBytOLAan  Me>Kfly  BHeinHMM  KpncTannnsapnoHHbiM 
AaBneHMeM  m  MopcfconorMePi  cf>opMMpyK)LqMXCfl  nop,  npnneM  c 
yBenMneHMeM  BpeMeHH  ra30HacbiiMeHMn  3aBMCMM0CTb  npeo6pa3yeicn  b 
rapMOHMKy.  PaBHOMepHO  pacnpefleneHHan  nopncian  CTpyiorypa 
cpopMMpyeTcn  c  napaMeipaMM,  M3MeHntoumMMMcn  no  napaSonMHecKOMy 
3aKOHy,  m  He  3aBMcm  ot  BpeMeHM  ra30HacbiiAeHMn. 
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BbiBOflbi: 

-  npn  ra303BTeKTMHecK0M  KpMCTajinM3aqnvi  OKCMAHbix  pacnnaBOB 

cpopMMpyeTCfl  ynopflflOHeHHbiM  nopucTbiw  aHcaMbnb,  coctohlamm  M3 
nepe^yfOunMXCfl  nop  m  nopOBbix  KaHanoB  pa3JinHHdM  MOp^bnorun, 
KOTOpan  onpeflenneTcn  xapaKTepOM  crpbeit^fe  nop 

onpeflenneTcn,  npuMeHMTe/ibHO  k  ra3oapMupOBaHHbiM  OKCMflHbiM 
cwcTeMaM,  B«3KOCTbK)  pacnnaBa,  a  TaioKe  xapaKTepoM  xo^a  cf)pOHTa 
KpMCTanon3ai4Mn  n  cynepno3ML\vteM  ctokcobckmx  m  KpMCTanriM3ai4M0HH0  - 
rpaBMTaMMOHHbix  cnn. 

-  ydaHOBneHa  B03M0>KH0CTb  perynnp0BaHii5T  MOpc|3onorMM  nop  - 
nepeBOAa  mx  m3  ccfjepuHecKOM  cfcopMbi  b  npasHnbHyK)  TpeyronbHyio  npn 
HacbimeHMM  pacnnaBa  pasnaraioujeMcn  ra30B0M  CMecbK). 
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HEKOTOPblE  OCOBEHHOCTM  CTPyKTYPbl  BbICOKOMEflMCTbIX 
MyP/HOB  C  LUAPOBMflHblM  TPAcPHTOM 

K).r.Bo6po,  fl.AT ycavyK,  M.  O.  flapcpeHmbeea 
JlyLjKMM  rocyAapCTBeHHbiii  TexHMnecKMM  yHMBepcmeT, 
r.HyLjK,  YKpanHa 

B  nocneflHne  roAbi  b  MccneAOBaHMnx  oco6oe  BHMMaHne 
yAennnocb  CMHTe3y  nuTeMHbix  KOMno3HTHbix  MaTepnanoB  (J1KM)  c 
MMKporeieporeHHOM  cipyicrypoM.  Pa3pa6oTKa  TaKOM  rpynnbi  J1KM 
cB^3aHa  c  Mcnonb30BaHneM  cepbix  m  Oenbix  MyryHOB,  coAepwaujMx  MeAb 
b  KoriMHecTBax,  BbixoA^LAHX  3a  npeAenbi  ee  pacTBOpMMOCTM  b  Fe-C 
cnnaBax. 

B  ocHOBy  HayHHbix  npMHLjMnoB  co3AaHnn  J1KM  3ano>KeH  p$\p 
cneACTBMM,  BbueKafOiAMX  m3  MHTerpaqMM  HepaBHOBecHOM 
TepMOAMHaMMKM  m  CMHepreTMKM  [1],  Bboa  b  nyryHbi  MeAM  b  KormnecTBax 
6...  10%  Mac.  conpoBO>KAaeTCfl  cyinecTBeHHbiM  M3MeHeHMeM 
c(3jiyKTyaL4MOHHOM  cMTyaL \m  b  pacnnaBax.  B  cboio  onepeAb, 
aKTMBM3npyeTCfi  npoi_;ecc  caM00praHM3aLjMM  HOBbix  AuccunaTMBHbix 
COCTOnHMM.  3T0T  npOL^eCC,  COCTOflLAMM  M3  OonbWOrO  HMCna  A^CKpeTHblX 
nepexoAOB  npM  3aTBepAeBaHMM,  npMBOAMT  k  o6pa30BaHM»o  hobom  no 
CBOeM  npMpOAe  BblCOKOMeAMCTOM  Cf)a3bl,  M3BeCTHOM  KaK  8-C(3a3a  [2].  no 
AaHHbiM  peHTreHOBCKoro  MMKpoaHanM3aTopa  IXA-733  b  BbicoKOMeAMC- 
tom  (pa3e  MoryT  pacTBopnTbcn  npaKTMHecKM  Bee  KOMnoHembi  nyryHOB, 
KpOMe  yrnepOAa. 

B  TeopeTMHecKnx  m  npMKnaAHbix  acneKTax  pa3pa6oTKM  J1KM 
onpeAeneHHbm  ycnex  AOCTMmyT  npM  Mcnonb30BaHMM  b  KanecTBe  ocHOBbi 
Ann  mx  C03AaHMn  nyryHOB  c  ujapOBMAHbiM  rpac(3MTOM  [3].  OcoObiM 
MHTepec  npeACTaBnneT  MMKpocTpyicrypa  tbkmx  cnnaBOB,  CB«3aHHan  c 
MopcfconomeM  BblCOKOMeAMCTOM  cj3a3bi.  B  3KcnepMMeHTax  ycTaHOBneHO, 
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hto  b  crpyKType  otjimbkm  BbfcoKOMeAMCTaa  cj)a3a  cjDopMMpyeTca  KaK 
o6onoMKa  BOKpyr  rpacpMTHbix  KpucTajuiMTOB. 

H3BeCTHb!M  [4]  Me*aHH3M  06pa30B.aHMH  rp30HTHOM  3BTeKTMKM  M 
ee  paccnoeHwe  b  cna6o  3a3BTeKTHHecKnx  cnnaBax  MO>KeT 
OTcyTCTBOBaTb,  nocKonbKy  rpacpMTHbie  KpucTanniiTbi  b  BbicoKOMeAWCTbix 
nyryHax  He  cnywaT  noflno>KKOM  aoh  rpacJ)MTM3ai4iiM.  flo  cyLAecTBy  b 
BbicoKOMeAHCTbix  nyryHax  c  ujapoBMAHbiM  rpacJwTOM  pe3y/ibTaTOM 
3BTeKTMHecKoro  npeBpauneHMfl  ABnaeTCfi  o6pa30BaHMe  neAeSypiiTa,  mto 
nc>ATBep>KaeHO  b  3KcnepMMeHTax. 

TaKMM  o6pa30M,  npeAnoweHHbiw  MexaHM3M  KpMCTajinn3ai4Mn 
BbICOKOMeAMCTbIX  HyryHOB  C  LUapOBMAHbIM  rpac(3MTOM  MO)KeT  npo/iMTb 

■  .•iiiii  .h-y-  'i 

CBeT  Ha  n3BecTHoe  cneMMarmcTaM  ABOMCTBeHHoe  BJiMfiHMe  MeAM  Ha 
npOMecc  rpact»MTM3ai4mi:  npn  hm3kmx  m  cpeAHiix  ee  KOHL\eHTpaL4Mflx 
(ao  2,0%  Mac.)  -  KaK  rpacf)MTM3aTOp,  a  ripn  coAepwaHMM  CBbiuie  6,0% 
Mac.  -  KaK  AoSaBKa,  npkiBOAfliAafl  k  OT6eny. 

Cno>kHocTb  HBneHMH,  onpeAeii«K)U4ero  MexaHH3M 
C|30pMMp0BaHHa  CTpyKTypbi  B  BbICOKOMeAMCTbIX  HyryHaX  C  LUapOBHAHbIM 
rpacjDMTOM,  ocTaeTCH  ao  KOHqa  He  BbiacHeHa  m  cnywwT  npeAMeTOM  aoh 
nocTaHOBKM  AanbHefiLUHx  MCcneAOBaHMM. 
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MOPOOJIOrMfl  OOCOMflHblX  3BTEKTMK 

M.M.CnupudoHoea,  H.B.SymeHKO 
flHenponeipoBCKMM  rocyHHBepcmeT, 
r.flHenponeTpOBCK,  YKpaiiHa 

B  paSoTe  wccneflOBann  CTpyKTypoo6pa30BaHMe  3BTeicrm<  b 
cnnaBax  cucieM  Fe-P,  Fe-P-B  m  Fe-P-Mo.  M3yneH  cpa30BbiM  m 
cTpyKTypHbiM  cocTae  cnnaBOB  3tmx  cucTeM. 

B  CMdeMe  Fe-P  HaSnioflanM  SBTeKTMnecKoe  npeBpau^eHne 
>K->y+Fe3P.  B  npopecce  KpncTannM3annM  3a3BTeKTMHecKoro  cnnaBa 
nonyneHbi  nepBMHHbie  KpucTannbi  cfroccpiifla  Fe3P  (pnc.1a),  b  ,qo- 
3BTeKTMHecK0M  cnnaBe  fleHflpmbi  TBep,qoro  pacTBopa  Ha  ocHOBe  y  -Fe. 

B  CMCTeMe  Fe-P-B  b  M3yMeHHbix  cnnaBax  KptfCTannn3yeTcn  Tpw 
MOHOBapwaHTHbix  SBTeKTHKM  y  +Fe3B0,29Po.7i  (pnc.16),  y  +  Fe2B  My  + 
Fe3B0j63Po,37(si)  (pMC.Ifl).  B  3aBMCMMOCTM  ot  cociaBa  cnnaBa  b  ponn 
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r)  A) 

Phc.1 

nepBMHHbix  KpHCTannoB  BbiaenniOTCfl  4>a3bi  Fe3B0.29P0.71,  £1  mjim  Fe2B. 
B  MCCJieflOBaHHOM  KOHMeHTpaquoHHOM  AMana30He  b  cncieMe  Fe-Mo-P 
Ha6jiK>flaiOTCfl  flBe  ABOMHbie  SBTeKTMKM  c  pa3nMHHOM  CTeneHbio 
OKMcneHMn  MMKpocTpyicrypbi  npn  TennoBOM  TpaBneHnn:  y  +Fe3P  h  y  + 
MoP  (cM.pnc.1r).  3flecb  npMcyrcTByeT  raioKe  TpoMHaa  aBTeKTMKa  y  + 
+Fe3Mo2+MoP  (pnc.1  b).  B  3aBMCMMOCTn  ot  cocraBa  cnnaBa,  b  ponn 
nepBMHHbix  KpHCTannoB  BbiCTynatOT  c{)a3bi  Fe3P,  y  nnn  Fe3Mo2. 

Bee  flBOMHbie  SBTeKTHKH  b  AaHHbix  cHCTewax,  a  MMeHHO,  y  +Fe3P, 
y  +  Fe3B0,29Po,7i.  y  +si,  y+Fe2B  m  y  +MoP  MMeiOT  CTep>KHeBoe 
MMKpocTpoeHMe.  3BTeKTMHecKMe  KonoHHH  HacneflyiOT  cpopMy  6a30Bbix 
KpHCTannoB.  flByxcpa3Hoe  3epHO  y  +Fe3P  HMeex  cpopMy  pocia  cftoccpMfla 
Fe3P,  SnKpMCTann  y  +  Fe3B0,29Po,7i  MMeeT  epopwy  pocTa  e-cpa3bi. 
PacTBopeHne  6opa  s  <pocc|)MAe  >Kene3a  Fe3P  yMeHbiuaeT 
AMCpCpepeHMMpOBKy  KOnOHMM  B  COOTBeTCTBMH  C  Bb!pa>KeHMeM: 


r  ^ 


\ 


f 


< 


81 


\ 


\8l  +82  )r+£  \8l  +  82  Jy+Fe3p 


(1) 
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TpOMHaa  3BTeKTMKa  y  +Fe3Mo2+MoP  MMeeT  cno>KHyK) 

M0pc{)0J10rMK). 

M3MepflJiaCb  MMKpOTBepflOCTb  nepBMHHbIX  Cf)a3  H  SBTeKTMK. 
YcTaHOBneHO,  hto  3BTeKTw<a  y  +  e  MMeeT  So/ibLuyK)  TBepAOCTb,  neM 
3BTeKTHKa  y  +Fe3P(Ha  200kF/mm2)  m  cpaBHMMa  c  y  +  Fe3B0,63Po.37. 
MHKpOTBepflOCTb  3BTeKTMKM  y  +Fe2B  H63HaHMT6JT!bH0  BblLLie,  HeM  y 
SBTeKTMKH  y  +Fe3P. 

FipoBefleH  aHajwMHecKMM  aHann3  Kmeium  pocia 

SBTeKTMHeCKMX  KOfiOHMM  B  TpOMHbIX  CnnaBaX,  MMeKHUMX  n/iacTMHHaToe  M 
CTep>KHeBoe  CTpoeHiie.  SKcnepwvieHTanbHO  noKa3aHa 

npenMymecTBeHHafi  3aBHcwMocTb  AwcIxfcepeHMMpoBKM  c(>a3  b  kojiohmjix 
ot  yflenbHbix  noBepxHocTeM  Ha  rpaHupax  <t>a3  c  pacrmaBOM. 

PlocTpoeHa  MOflerib  MexaHM3Ma  o6pa30BaHHH  TpowHbix  SBTeKTMK. 

©  H.M.  CnupudoHoea,  H.B.GymeHKO,  2000r. 
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OCOEJ1MBOCTI  YTBOPEHHfl  BArATOKOMHOHEHTHHX  TBEPflUX 

P03HHHIB  3MIIUAHOrO  Tuny. 

I.M.  CnupudOHoea,  A.J1.  Cumohoq 
flHinponeTpoBCbKMM  abP^kbbhmh  yHiBepcuTeT, 
r.flHinponeTpOBCbK,  YKpaTHa 

ripn  BUHMKHeHHi  po3HMHiB  3MiiuaHoro  TMny  noeflHytOTbca  cuTyamli 
3aMimeHHfl  aTOMiB  p03HHHHMKa  3  npOHMKHeHHflM  p03HHHeH0r0  aTOMa  Mi>K 
By3naMM.  AHani3  MOMtfiMBOCTeM  yTBOpeHHa  ramx  po3HMHiB  Ha  6a3i 
4>epMTy,  aycTeHiTy,  SopHAiB,  Kap6nfliB  Heo6xiAHO  noHHHaTM  3  oS'GMHoro 
cpaicropy. 

3mIhm  b  nepiOAi  KpMCTaniHHOT  rpaTKH  npn  yTBOpeHHi  TBepAHX 
po3HMHiB  npoHHKHeHHa-3aMiiAeHHa  mojkjihbo  noAaTH  HacTynHMM 

piBHaHHHM: 


flm.p. 


—  ci]  +  2 


■  z[/t !(ri  -r,)-cl  +k/'(n  -0,41r,)-(f  +k,"'(n -0,291r,)-(l-Ci  - 


Ae  a,  ai  -  nepioA  rpaTKH  TBepAoro  po3HHHy  Ta  p03HHHHMKa; 
r1t  r2  -  paAiycH  aTOMiB  po3HMHHMKa  Ta  po3MHHeHoro  KOMnoHeHTy; 
k\  k11,  k111  -KoecpiAieHTH,  m\  BpaxoByiOTb  B3aeMOAifo; 

N  -  KinbKiCTb  KOMHOHeHTiB  B  TBepAOMy  P03HHHI. 

OAHonacHa  npMcyTHicTb  y  po3HHHi  abox  MeTartoVAHMX  aTOMiB 
BHOCHTb  KopeKTMBH  y  cniBBiAHOiueHHH,  aKe  BH3Hana€  noHBy  3aMiu4eHHa 
aTOMiB  po3HHHHMKa.  HanpnK/iaA,  po3HHHeHHa  6opy  y  cf>epHTi  i  aycTeHhi 
noBMHHO  cynpOBOA>KyBaTHca  36mbiiieHHaM  KinbKocTi  aicriB  3aMiLL\eHHa. 
Atom  Byrneuto,  hkmm  3anMae  Mi>KBy3ni  6yAe  BHTMCKyBaTM  aTOM  6opy  Ha 
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no3nqiT  3anba.  3HanHa  pi3Htfqa  y  po3Mipax  aTOMiB  6opy  i  3ani3a 
[rFe -rs  ~(0, 124  ~  0,073)]  hm  CTBopioe  flOflaTKOBMM  oO'gm  fljia 
npoHUKHBHHfl  aTOMiB  MeTano’iAy  a6o  3aMimeHH^  nerytoMUM  eneMeHTOM  3 
pa,qiycoM  OinbUJMM  pa/jiycy  aTOMa  3ani3a.  ToMy  A-nfl  noipiMHUx  i 
SaraTOKOMnoHeHTHMX  TBepAMx  p03HMHiB  rpaHMHHe  cniBBiflHOLueHHa,  fl«e 
3a6opoH«e  npoHMKHeHHH  aTOMiB  MeTano'iAy  noBMHHO  nepeBHLAyBaTw 
riOKa3HMK  0,59.  MoKrwBiCTb  KOMneHcaqiT  oO'gmhmx  ecfceicTiB,  aid 
BMHMKafOTb  npn  oflHOHacHOMy  p03HHHeHHi  rpaHmv  6opy  Ta  ByrnepK) 
SaraTOKOMnoHeHTHMM  neryBaHHHM  nepeBiparm  ujjihxom  niflpaxyHKy 
KoecpiMieHTy  KOMnaKTHOCTi  TeTparoHanbHOi  rpa™  Sopufly  Fe2B. 

CyMicHe  neryBaHH*  SopOM  Ta  Bymei^eM  yTBOpfoe  yMOBM  Ana 
SaraTOKOMnoHeHTHoro  neryBaHHf?  Cr,  Mn,  Si,  Al.  (1pn  qbOMy  AOMiribHO 
yfiBMTM  iCHyBaHHfl  neBHux  yrpynoBaHb  b  po3TamyBaHHi  aTOMiB, 
HanpuKnafl,  aTOM  anioMiHiK)  6yfle  otomohum  aTOMaMM  6opa,  3a  hkmmm 
OyflyTb  p03TaiuoByBaTMCa  aTOMM  xpoMy.  PicT  LUBMAKOCTi  oxojiOAweHHH 
36ijibiuye  bk  hmcjio  3aMiiAeHb  B-»Fe  TaK  i  CTBopfoe  MO>RmiBOCTi  p,r\n 
niflBMLijeHHfl  p03HMHH0CTi  y  rpaTL^i  neryjonux  eneMeHTiB. 

yTBopeHHa  6araTOKOMnoHeHTHnx  TBepAMx  p03HMHiB  Ha  6a3i 
Oopwfla  Fe2B  niflTBepfl>KyeTbCH  BHMipaMH  Tx  MiKpOTBepflocTi  Ta 
MiKpOKpMXKOCTi. 

Pk  bhaho,  36inbiueHHfl  MiKpoTBepAOCTi  MO>Ke  noeAHyBaTMC*  3i 
3HM>KeHHf?M  MiKpOKpMXKOCTi.  Ane  npw  L^bOMy  3MiHy  napaMeTpy  rpaTKM 
cnocTepiranM  TinbKH  y  BunaAKy  niABmueHoro  BMicTy  xpoMy. 
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y.BiflH.Ofl. 


a  -  MiKpoTBepfliCTb  neroBaHnx  6opma'ib; 

6  -  MiKpOKpMXKiCTb  JierOBaHMX  60pMfliB 

©  I.M.  CnupudoHoea,  AM.  Cumohoq,  2000r. 
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SBTeKTMKa  V 


UCCJlEflOBAHUE  3BTEKTHMECKHX  COCTABJ1BIOLI4UX 
B  KOHTAKTHOM  30HE  (Fe-B-C)/J162 

M.M.CnupudoHoea,  E.B.Cyxoean,  C. B. flurweea 
flHenponeTpoBCKMM  rocyHMBepcmeT 
r.flHenponeTpoBCK,  VKpama 

CrmaBbi  Fe-B-C  HaxoflflT  npuMeHeHMe  b  KanecTBe 
Hanormm-ejiew  KOMno3Mi4MOHHbix  MaTepnanoB.  OcHOBHbiM  Tpe6oBaHneM 
k  KOMno3HL4MOHHbiM  MaTepwanaM  aBJiHeTC 9\  Tpe6oBaHne  npOMHOM 
aflre3MOHHOM  cb«3m  Ha  Me>Kct)a3Hbix  rpaHmjax  pa3Ae/ia.  nocKo/ibKy  b 
npoi4eccax  KOHTaKTHoro  B3anMOfleMCTBMH  aKTMBHO  ynacTByioT 
3BTeKTMHecKMe  cocTaBJiflfOtAMe  cnnaBOB  Fe-B-C,  aicryanbHbiM  aBnaeTcn 
MCcneflOBaHwe  noBefleHMFi  MMeHHO  stmx  cocTaBmuomux  npw  KOHTaicre 
TBepflbix  HanojiHMTenew  c  pacnnaBneHHOM  cbh3kom. 

CooTaBbi  n3yneHHbix  HanonHmeneM  Haxoflnnncb  b 
KOHMeHTpaMMOHHbix  npeflenax  1,5-10,0%B;  0-0, 4%C,  0-10,0%Cr,  Fe- 
ocTa/ibHoe  (b  Bec.%).  CkopocTb  oxna>KAeHMfl  HanonHHTenePi  cocTaBJiana 
100  K/c.  B  KanecTBe  cnnaBa-CBfl3KM  ncnonb30Banu  naiyHb  J162. 

MHKpocTpyicrypa  KOMno3iiquoHHbix  MaTepnajiOB 

xapaKTepM3yeTC^  HarwHiieM  MacTMM  Hano/iHUTena,  paBHowepHO 
pacnpefleneHHbix  b  MaTpmie.  Ha  Me>K<t>a3Hbix  rpaHuqax  co  ctopohm 
JiaTyHM  OTCyTCTByfOT  BMflMMbie  M3M6HeHMa  CTpyKTypbl.  OAHaKO,  MeTOAOM 
MPCA  ycraHOBneHo  noBbnueHHoe  coAOpwaHue  >Kene3a  b  MaTpmje 
b6jim3m  rpaHMqbi  pa3Aena. 

Co  cropOHbi  HanonHMTejieM  Fe-4C-0,5B  m  Fe-10Cr-4C 
o6pa3yeTca  jihSo  cnnoiuHOM  oSoaok;  jimOo  OTAenbHbie  KpucTannbi  b 
BMAe  rno6yneM,  MMeiOLnwe  nepnMTHyfo  CTpyKrypy,  nempOBaHHbie  Zn  m, 
He3HaMmenbHO,  Cu.  KpOMe  Toro,  M3MeHfleTcn  cociaB  aycTeHma  b 
SBTeKTMKax  y-Fe3(C,B)  u  y-(Fe,Cr)3C  M3-3a  pacTBopeHMn  b  hmx  Zn  m  Cu. 
npuneM,  b  OTAe/ibHbix  MecTax  o6pa3qa  c  Hano/iHMTeneM  Fe-10Cr-4C 
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BMedo  aycTQHma  b  3BTeicrm<e  y-(Fe,Cr)3C  HaSmoAaeTcn  TBepflbiM 
pacTBop  Fe-Zn-C-Gu. 

Ha  rpaHML^ax  pa3Aena  c  HanonHmennMM  Fe-5B  m  Fe-4,7B-1,5C 
KpncTannM  c :  nepn mthqm  CTpyicrypoM  npaKTMHecKH  He  o6pa3yKrrcn.  B 
oGpaaqe  c  HanonHmeneM  Fe~5B  b  KOHTaKTHOM  30He  BMecTO  3BTeKTHKM  y- 
Fe2B  HaSnKDflaeTGfl  KOHrnoMepaT  Tpex  cf)a3:  ct>a3bi  Ha  ocHOBe  >Kene3a, 
c(}a3bi  c  nepji hthom  GTpyicrypOH  m  6opnfla  Fe2B. 

OcoSeHHOCTbK)  CTpyKTypbi  rpaHM4  pa3flena  c  HanonHmennMM 
Fe^lOB  m  Fe-10Cr-10B-0,2C  aBnaercn  $opMMpoBaHne 
nepeKpMTannM30BaHHoro  cnon,  OTfiMHaiou^erocji  noBbuueHHbiM 
coAep^aHneM  >xene3a  no  cpaBHeHMK)  c  MexoflHbiM  cnnaBOM  m 
npiicyTCTBMeM  Zn  h  Cu.  SBTeKTMKa  y^Fe2B  b  o6pa3qe  c  HanonHmeneM 
Fe-10B  OTnnnaejcn  ot  mcxoahom  cocTaBOM  aycTeHma  n  6onee  KpynHon 
AHCpcjjepeHUHpOBKOM.  Xot«  no  aHanorwn  c  o6pa3L40M,  ynpoHHeHHbiM 
HacTnqaMn  cnnaBa  Fe^SB,  mo>kho  6bmo  6bi  TaK>Ke  o>KHAaTb  BbicoKow 
MHTeHGMBHOCTM  npOMeCCOB  KOHTaKTHOrO  B3aMMOAenCTBHn  B  MeCTaX 
,pacnono>KeHHH  aBTeKTMKM  yrFe2B,  sto  npeAnono>KeHne  He 
noATBepx<AaeTcn.  B  o6pa3i4e  c  HanonHmeneM  Fe-10Cr~10B-0,2C 
npoTeKajoT  npoMeccbi  KoanecqeHMMM,  npUBOAnLAMe  k  eme  SonbLueMy 
pa3AeneHMK)  <J)a3  rpyGoro  KOHmoMepaTa  y+Fe2(B,C),  n  nocne  nponmicrt 
no  i;  rpaHHLjaM  3epeH  Fe2(B,G)  npncyTCTByeT  TonbKO  aycreHm, 
nernpoBaHHbm  4HHKQM  n,  ne3Ha4nTenbH0,  MeAbto. 

.  B  CTpyKType  3BTeicT>iKn  C-Fe2(B,C)  b  oSpaape  c  HanonHmeneM 
Fpr!9B-2C  npaKTMHecKM  He  npowcxoAm  n3MeHeHHM. 

TaKMM  06 paaoM,  M3yneHHbie  SBTeKTHHecKiie  cocTaBnmomne 
Moiyr  6biTb  pacnono>KeHbi  b  cneAytoLAMM  p*A  b  nopnAKe  B03pacTaHnn 
MHTeHCMBHOCTn  npoqeccoB  KOHTaKTHoro  B3anMOAencTBnn  c  mx  ynacTneM: 
C-Fe2(B)C)->y-Fe3(B,C)->>y-Fe3(C1B)->y-(Fe,Cr)3C-^y-Fe2(BIC)  ->y-Fe2B 

OnncaHHbie  CTpyKTypHbie  n3MeHeHnn  mo>kho  oS'bncHmb  tgm, 
hto  npn  nponmice  HanonHmeneM  Fe-B-C  pacnnaBneHHon  naiyHHow 
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CBH3K0M  npoMcxoflMT  ormaBiieHMe  aycTeHma,  BxoAflmero  b  cociaB 
3BTeKTMK.  CHMweHiie  TeMnepaTypbi  nnaB/ieHHH  aycTeHMTa  ao 
TeMnepaTypbi  nponuTKM  (1100°C)  Bbi3BaHO  AMc(Dc(3y3MeM  3aTeM 

npn  nocneflyfoiAeM  oxna>KlqeHMM  3a  cneT  aneMeHTOB,  nepeLueflujux  b 
pacnnaB,  Ha  He  pacTBOpHBLUMxc«  ynacTKax  HanojiHmena  HapaciaeT 
cnnoLUHOH/He  cnnoLUHOH  nepeKpncTafinn30BaHHbiH  enow.  riocKonbKy  np m 
nporiMTKe  Kap6nAHan  ct)a3aT  BxoAflmafi  b  cocTaB  neAedypHTHbix 
SBTeKTMK,  He  pacTBopqeTCA,  nepeKpncTannn30BaHHbiM  enow  OTnMHaeTCjq 
cocTaBOM  c})a3bi  Ha  ocHOBe  >Ke/ie3a  m  HacneAyeT  Mopcf)o/iorMK)  hcxoahoh 
3BTeKTHKM  c  6onee  KpyriHOM  AMCtxJjepeHqMpoBKOM. 

AycTeHHT  b  6opoKap6nAHoPi  3BTeKTHKe  y-Fe3(B,C)  pacTBopaeica 
B  MMHMManbHOH  CTeneHH,  a  B  6opHAHOM  SBTeKTMKe  y-Fe2B  -  B 
MaKCMManbHoPt.  3to  Bbi3BaHO  TeM,  hto  6opnAHaa  SBTeKTMKa  OT/iMHaeTca 
6onee  bwcokmm  coAepwanwe  >xene3a  m  6onee  KpyriHOM 
AHcfjc|)epeHL|MpoBKOH.  ripn  nponMTKe  nponcxoAHT  onjiaBneHiia 
3BTeKTMHecKOM  4>a3bi  Fe2B  b  MecTax  ee  KOHTaicra  c  aycTeHMTOM  m 
nocneAyraiAaa  ee  nepeKpncTarmM3ai4MH  Ha  nepBMHHbix  KpHCTannax 
Fe2B. 

CHI4>KeHMe  MHTeHCMBHOCTM  paCTBOpeHMH  ayCTeHMTa  3BTeKTMK  y- 
Fe2B  m  y-Fe2(B,C)  b  o6pa3qax  c  HanojiHmejiflMM  Fe-IOB  m  Fe-IOCr-IOB- 
0,2C  CB«3aHO  CTew,  hto  o6-beM  aycTeHma  b  sthx  o6pa3L4ax  He6ojibLLioi4, 
a  cneAOBaTeribHO,  KOHpeHTpai4Hfl  pacTBopeHHbix  b  y  npHMecew  - 
BbicoKaa.  3to,  c  oahoh  CTOpOHbi,  3aTpyAHaeT  An#c{)y3MK>  AMHKa  b 
aycTeHm,  a,  CApyron  CTopoHbi,  nosbiLuaeT  TeMnepaTypy  aBTemiHecKoro 
npeBpaiAeHwa  L  ->  y  +  Fe2B.  ripeAfloweHHbm  MexaHM3M 
CTpyKTypoo6pa30BaHMH  b  KOHTaicrHbix  30Hax  noATBep>^qaeTca 
OTcyTCTBMeM  M3MeHeHHH  B  CTpyKType  OBTeKTHKH  C-Fe2(B,C)  nocrie 
nponMTKM. 

©  H.M.CnupudoHoea,  E.B.Cyxoean,  C.S.nunneea ,  2000r. 
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OCOBEHHOCTH  3BTEKTMHECKMX  nPOL|ECCOB  B 
KOMnJlEKCHOJIEri/IPOBAHHblX  EEJlblX  MYn/HAX 

r.E.Benau,  H.B.fleopHUKoea,  M.O.Mameeeea 
HamiOHanbHan  MeTarmyprMHecKafl  AKafleMMH  YKpanHbi 
r.flHenponeTpoBCK,  YKpaMHa 

3HaHMTenbHoe  noBbiiueHMe  OKcnnyaTaL^MOHHbix  xapaKrepucTMK 
mshococtomkmx  6enbix  MyryHOB  npw  3HaMMTe/ibHOM  CHMweHMM 
coflep>KaHMfl  nernpyioi^ux  aneMeHTOB  bo3mo>kho  npM  ynpoMHeHMM  mx 
HMTpWflHblMW  M  Kap60HMTpMflHb!MM  BK/1K)MeHM$lMM,  nyieM  JiempOBaHMfl 
a30TC0flep>KauL|MMM  cf>eppocrmaBaMM. 

BnMflHne  nerMpyK^MX  anewem-OB  Ha  ycBoeHMe  a30Ta  m 
npoqeccbi  CTpyicrypoo6pa30BaHMfl  b  crmaBax  3aBMCMT  ot  mx 
MHflMBMflyanbHOrO  M  KOMflflGKCHOrO  BJIMAHMA  Ha  aKTMBHOCTb  H 

Koac})c})MUMeHTbi  aKTiiBHOCTM  [C],  [N],  K03cj3C})ML4MeHTbi  pacnpeAeneHMfl  [C] 

M  [N]  B  >KMflKOM  H  TBepflOM  COCTOHHMM,  K03Cf)Cf)Ml4MeHTbl  AMC|)C|)y3MM 
nernpyfoiAMX  3/ieMeHTOB  h  mx  BHyTpM(f)a3Hoe  m  Me>Kc{)a3Hoe 
pacnpefleneHMe  b  TBepflbix  cnnaBax.  HaMOoiibiuee  3HaneHMe 
napaMeTpoB  B3aMMOAeMCTBMH  jiempyiOLAMx  aneMeHTOB  c  a30T0M  (efN) 
MMejOT:  Ti  =  -  0,60;  V  =  -  0,10;  Cr  =  -  0,046;  Mn  =  -  0,023  [1]. 
3neMeHTbi,  oOxiaflaiOLAMe  noHM>KeHHbiM  cpoactbom  k  yrnepofly, 
KOHueHTpMpytOTca  b  3BTeKTMKe.  3/ieMeHTbi,  oSnaflafoiAMe  noBbiLueHHbiM 
cpoflCTBOM  k  ymepofly,  o6orauJiaK)T,  KaK  npaBMno,  l^gmghtmt  (Kmn  >  1). 
TMT3H,  XpOM  M  BaHaflMM  CMflbHO  yBeJIMMMBatOT  OT6ei1MBaeMOCTb  K*  >  1. 
MOAMCpMLJMpOBaHMe  P3M  HOBblUJaeT  TBepAOCTb  M  M3HOCOCTOMKOCTb 
Oejibix  BanKOBbix  MyryHOB,  mx  cfui3MKO-MexaHMHecKMe  CBOMCTBa, 
M3MenbnaeT  crpyKrypy  MaTpMqbi.  Kpouie  Toro,  f\nn  nonyneHMfl 
OMMeTarmMHeCKMX  BamoB  BHyTpeHHioK)  30Hy  nojiynajOT  M3 
MOAMCpMMMpOBaHHbIX  CepblX  M  nOfiOBMHMaTbiX  MyryHOB  C  LLiapOBMAHblM  M 
BepMMKyJIfipHblM  rpacf)MTOM  [2].  Ee3  npMMeHeHMH  MOAMCfDMLJMpOBaHMfl 
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Ge/ibix  MyryHOB  b  paGoneM  cnoe  Henb3H  oGecnenMTb  CBapMBaeMocTb 
cnoeB  M3  6enoro  m  ceporo  nyryHa. 

B  HacTOfui^eM  paGcrre  uccneflOBann  BnMHHMe  nerMpOBaHMH 
BaHaflMeM,  TMT3H0M,  a30T0M  M  MOflMC|3ML4MpOBaHMn  P3M  Ha  OCOGeHHOCTM 
SBTeKTMHecKOM  KpMCTanriM3ai4MM  b  6enbix  nyryHax. 

JlerMpoBaHMe  V,  Ti  m  N  c03flaeT  KapGoHMTpMflHyio  ocHOBy  flnn 
3apo>KfleHM5i  nepBMHHOM  cTpyKTypbi  (pmc.1).  3Ta  ocHOBa  cny>KMT 


Pmc.1.  flocneAOBaTeiibHOCTb  3apo>KqeHMH  nepBMHHOM  CTpyicrypbi,  X  500 
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L^BHTpaMM  KpncTajinn3aL4mi  a* ia  aycTeHMTa  m  3bt6ktmkm.  HMTpMAHbie  m 
KapSoHMTpuflHbie  cpa3bi  noAaBnflioT  pa3BMTne  norpaHMMHOM  nMKBatjMM 
npn  pocTe  nepBMHHoro  aycTeHma,  oTMenaeTCH  pe3Koe  yBenuneHne  nx 
paCTBOpMMOCTM  B  nepBMHHOM  ayCTeHMTe.  HepBHMHaa  (pQ3a  ynpOMH^eTCJI 
pacTBopaMM  BHeflpeHMJi  (VN,  TiCN  m  ap)-  npoflyicTbi  pacna^a 
nepBMHHoro  aycTeHMTa,  oOorameHHoro  ymepoflOM  m  HMTpuflaMM, 
OTflMHafOTCR  nOBblliieHHOM  AUCnepCHOCTbfO,  TBepAOCTbfO  M  npOHHOCTbK). 

npM  jiernpOBaHMM  6enoro  a30TMpoBaHHoro  nyryHa  BaHaAweM  m 
TMT3H0M  nonyMeHO  HanSonbiuee  KoriMnecTBo  ynpoHHHfOiAMX  (pas,  o6mee 
mx  KOJiMnecTBO  cocTaBM/io  0,065.. .2,1 1 0  06.%,  cpeAHMM  pa3Mep 
HMTpMAOB  11...  19  MKM,  Kap60HMTpMAOB  2,0. ..3,0  MKM  (Ta6jl.1). 


Ta6nMAa  1 


BrwflHMe  nerMpOBaHMH  V,  Ti,  N  m  MOAMcfjMqMpoBaHMfl  P3M  Ha  pa3Mep  vt 

KonMHecTBO  ynpOHHPifOLAMx  4>a3  b  6enbix  nyryHax 


Ns 

rmaB 

KM 

V 

Ti 

N 

P3M 

CoAep- 

>K3HMe 

BKJ1KD- 

HeHMM, 

% 

CpeA¬ 

HMM 

pa3Mep 

BKJ1IO- 

MeHMM, 

MM 

Hmcao 

BKTIK)- 

HeHMM 

Ha 

1  MM2 

coAepwaHMe  axieMeHTOB,  % 

Kap60HMTpMAbl  TMT3Ha 

2-1 

0.191 

0.264 

- 

1.917 

0.002 

2819 

2-2 

■ 

0.255 

0.240 

0.09 

2.110 

0.003 

2021 

2-3 

8HHMI 

0.205 

0.236 

0.18 

0.003 

2181 

2-4 

BE9 

0.288 

2.240 

0.28 

1.848 

0.003 

2251 

coAepwaHMe  aneMeHTOB,  °/< 

HMTpMAbf  TMTaHa 

2-1 

1.74 

0.191 

0.264 

- 

WmM 

0.012 

19 

2-2 

1.72 

0.255 

0.240 

0.09 

■311 

0.006 

19 

2-3 

2.71 

0.205 

0.236 

0.18 

SIB 

11 

2-4 

1.45 

0.288 

0.240 

0.28 

0.063 

0.009 

37 

t 
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KownneKCHoe  nernpOBaHiie  BaHa^weM,  TMTaHOM,  a30T0M  n 
MOfluc^MMupoBaHMe  P3M  o6ecneMMBaeT  M3MeHeHMe  MMKpOTBepflocTM 
L4eMeHTMTa  Ha  8-12%  m  aycTeHHTa  Ha  18-36%,  MHKpOTBep,qocTb  nepnma 
M3MeHHeTC«  He3HaHHTenbH0. 

Moflnc})Mi4MpoBaHne  KOMnrieKCHonerMpoBaHHbix  Genbix  nyryHOB 
P3M  npHBOflMT  K  yMeHbLUeHMK)  pa3MepOB  ynpOHHflJOU^HX  HMTpMflHbIX  M 
KapSOHMTpMflHblX  BKJlK5HeHMM,  M  SjiarOflapB  3T0My,  OflHOpOflHOCTM 
CTpyKTypbi  (pnc.2)  m  cbomctb  m3hococtomkmx  MaiepHanoB. 

npoBefleHHbiMM  MCcneflOBaHMaMM  yciaHOB/ieHa 

nepcneKTHBHOCTb  npoMbnuneHHoro  npHMeHeHHH  KOMnneKCHoro 
jiernpoBaHMH  m  a30TMpoBaHHH  ana  ynymueHHfl  CTpyiaypbi  m  noBbiuieHMH 
cbomctb  6enbix  BamoBbix  nyryHOB. 
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0EPA30BAHME  CKOrmEHUM  3BTEKTMMECKMX 
OKCMCy/lbOUflOB  P33  B  flOHHOM  MACTM  CilMTKA 

T.  Tumoea  a,  A.  CmoerNeHKo  b 

a)  HHCTHTyT  nepHOM  MeTarmyprkw  HAH  YKpauHbi 

b)  HauinoHanbHaH  MeTajuiyprMHecKaa  AKafleMna  YKpaMHbi 

MHOrOMMCneHHbIMM  MCCJieflOBaHMflMM,  B  TOM  HMCJie  aBTOpOB 
[1,2],  ycTaHOBJieHO  HanuMMe  CKonjieHMM  P33-coAep>Kau4Mx  BKfHOMeHMM  b 
AOhhom  KOHyce  KpucTannoB  cjimtkob  cnoKoPmbix  CTanew. 
CocpeflOToneHne  jamx  bkjhomghmm  (xapaiaepHoe  m  aah  okcmaob  Al203  b 
cjiMTKax  cTann  pacKMCJieHHOM  amoMUHHew)  CBA3aHO  c  o6pa30BaHneM  m 
oceASHneM  moOyjinpHbix  abhapmtob.  MexaHM3M  3Toro  cfceHOMeHa 
ABJiaeTCfl  npeAMeTOM  o6cy>KAeHMfl  m  MHoroMMcneHHbix  AMCKyccMM. 
BonbLuoe  mmcjio  BbiABMHyTbix  k  HacToameMy  BpeMeHM  rnnoie3  TonbKO 
noATBep>KAaeT  H63aBepLueHH0CTb  peujeHMH  npo6neMbi. 

npupoAy  P33-coAep>KaLAMx  bkjiiohghmm  MCcneAOBajiM  Ha 
MeTanne  m3  KOHyca  ocawRenm,  o6pa30BaHHoro  mobyjiapHbiMM 
AeHAPHTaMM,  COpTOBbIX  CJIMTKOB  MaCCOM  4,3  T  M  8,0  T  M  JlMCTOBbIX 
cjimtkob  MaccoM  20,0  t.  Bboa  c(DeppoqepMH  ocyLqecTBJifljiM  Ha  pa3Hbix 
3Tanax  3aTBepAeBaHMH.  OTMeneHo  M3MenbHeHMe  rjioOy/inpHbix 
AeHAPMTOB,  oSycjiOBJieHHoe  bjimfihmom  P33-coAep>KamMX  bkjikdhohmm. 

fl0Ka3aH0,  HTO  BO  BCex  CJiynaaX  BKJ1K)HeHMfl  flBJlflfOTCfl  AByX<£a3HblMM 
SBTeKTMMecKMMM  KOHrnoMepaTaMM  cjio>khom  cfjopMbi  m  pacnojio>KeHbi  B 
Me>KqeHAPMTHbix  ynacTKax  (Pmc.  la).  K  ax<Aafl  m3  o6pa3yfounMx 
KOHmoMepaT  cf>a3,  b  cboio  onepeAb,  HeoAHOpOAHa  m,  npM  HaOjitoASHMM 
noA  onTMMecKMM  MMKpocKonoM,  npeACTaBJiaeT  co6om  ynacTKM, 
OKpaujeHHbie  b  pa3JiMHHbie  ottghkm  ceporo  m  opaH>KeBoro  LjBeTOB.  no 
AaHHbIM  MMKpOpeHTreHOCTpyKTypHOrO  aHaJ!M3a  BKJIKDMeHMfl  COCTOflT  M3 
COeAMHeHMM  TpOMHOM  CMCTeMbl  P33-S-0  C  pa3J1MHHblM  COAep>KaHMeM 
KMCJiopoAa  m  cepbi  (Pmc.  1  6). 
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PucyHOK  1 .  MnKpoc|)OTorpac})Mfl  OKCMcynbc()MflOB  P33  (  500x  )  b  aohhom 
KOHyce  KpMCTarmoB  (a)  m  fluarpaMMa  xapaKTepucTMMecKoro  M3/iyMeHM« 
(MUKpopeHreHocTpyKTypHbiM  aHanM3)  (6). 

KaK  npaBuno,  CBeTno-cepaa  (npn  BbicoKOM  coflepwaHMM  P33  - 
opai-OKeBaa)  4>a3a  HBrmeTCfl  MaTpm\eM  3bt6ktmkm  m  coctomt  m3 
cynbcfufla  P33  c  HeSo/ibiuMM  coflepwaHMeM  KMCJiopo,qa,  a  TeMHaa 
pa3BeTBneHHa«  cocTaBiiBJOLi^aa  (BCTpenatOLnaacfl  m  b  BMfle  M36biTOMHbix 
BbiAeneHnw)  aBnneTCfl  OKCMcynbCfcMAOM  P33.  nojiyneHHbie  HaMM 
AaHHbie  06  3BTeKTMHecKOM  npkipofle  BKntoneHMM  oKCMcynbcfwflOB  P33  m 
pacnono>KeHMM  mx  b  Me>KfleHflpnTHbix  npOMe>KyTKax  He  HaxoflHT 
06-b«CHeHMfl,  MCXOflfl  M3  M3BeCTHblX  npeACTaBJieHMM  O  COCpeflOTOHeHMflX 
HeMeTan/lMHeCKMX  BKflfOHeHMM  B  flOHHOM  KOHyce  KpMCTaJlJlOB.  B 
HaCTHOCTM,  flMCKyCCMOHHbfM  HBJIfleTCfl  MeX3HM3M  flOCTaBKM  3TMX 
BKfltOHeHMM  MJ1M  COCTaBJlfHOLMHX  MX  3JieMeHT0B  K  MeCTy  COCpeflOTOHeHMfl. 
B  to  >xe  BpeMH,  pe3ynbTaTbi  npoBefleHHbix  MccneflOBaHMM  no3Bon«K)T 
yTOHHMTb  MeX3HM3M  06pa30BaHMfl  CKOnjieHMM  TaKMX  BK-TJfOHeHMM  [1-3], 
npeflno>KeHHbiM  HaMM  paHee. 

flepBMHHbie  P33,  coflepwaiAMe  BKnfOHeHMfl,  o6pa3yK)TCfl  b 
pe3yJlbTaTe  B3aMMOAeMCTBMfl  C  paCTBOpeHHbIMM  KMCJlOpOflOM  M  CepOM  M 
cny>KaT  ijempaMM  3apo>KfleHMfl  moSynapHbix  AeHflpMTOB,  BMecie  c 
KOTOpbIMM  AOCTaBJlBJOTCfl  B  flOHHyK)  MaCTb  CJlMTKa  (3a  CHeT 
rpaBMTaqMOHHbfx  cmti  m  c  noTOKaMM).  B  to  >Ke  BpeMH,  k  MOMeHTy  BBOfla 
P33  b  >kmakom  pacnnaBe  npMcyTCTByioT  BKiijoMeHMfl  FeS,  MnO,  MnS, 
A!203i  b  KOTOpbix  P33  3aMeLqafOT  MeTannbi.  HanMMMe  30Hbi  btopmhhom 
MMpKynaAMM  pacnnaBa  m  6onee  BbicoKa*  CKopocTb  3aTBepfleBaHMH 
npMflOHHoro  ofrbeMa  Aono/iHMTenbHO  npenaTCTByeT  yflaneHMJO 
BKTIIOHeHMM. 

Mo>kho  nonaraTb,  hto  cpopMMpoBaHMe  OKOHHaTeiibHoro  cocTaBa 
M  Cf)OpMbl  P33-C0flep>KaiAMX  BKJlfOMeHMM  npOMCXOflMT  no 
AMC|}cf)y3M0HH0My  MexaHM3My  b  BbicoKOTeMnepaTypHOM  MHTepBane 
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3aTBep,qeBaHMfl  m  oxna>KfleHMM  TBepfloro  MeTanna  stom  30Hbi.  Tax,  npM 
HarpeBe  odpa3L*oB  crranM,  MOAM<$MijMpOBaHHOM  P33,  OTodpaHHbix  m3 
KOHyca  oca^eHM^,  y>xe  ,qo  1430  °C  m  MeflneHHOM  oxna>KaeHnn  ao 
1330°C  c  nocneAyfOLqePi  3aKanKOM,  HeMeTajinunecKMe  BKmoneHMn 
M3MeHfljoT  cocTaB  n  pacnonararoTcn  no  rpaHULiaM  3epeH.  npM  HarpeBe 
,qo  donee  BbicoKMx  TeMnepaTyp  (1465°C)  non  npw  donee  flnnTenbHbix 
Bbi,qep>KKax  no«BnnK)Tcn  BKnKDneHMn,  coflepwaiAMe  MapraHeq, 
AMcfccfcyHAMpyioLMMH  M3  npMneraiomMx  ynacTKOB  MaTpMLjbi. 

TaKMM  odpa30M,  npe,qno>KeHHan  cxeMa  no3BonneT  od-bncHMTb 
KaK  pacnono>KeHMe  CKonneHMM  P33-coAep>KaLi4MX  BKnjoneHMM  no 
OTHOLUeHMHD  K  OneMeHTaM  nepBMHHOM  AeHflpMTHOM  CTpyKTypbl,  TaK  M 
MexaHM3M  MX  0OpMMpOBaHM«  M  flOCTaBKM  B  AOHHyK)  30Hy  CnMTKa. 

TIMTEPATYPA 

1.  MarmHOHKa  fl.H.,  TuTOBa  T.M.  Konyc  oca>KfleHiiB  b  cnmKax  cnoKOMHOM  CTanw 
// CTanb.-Nfil  1 . -1989. -C. 26-31. 

2.  M3MeHeHHfl  BKJitOMeHMM,  coflepwaujHX  P3M,  npi/i  HarpeBe  n  npoKaTKe  0Tann/ 
ManviHOHKa  FI. H. ,  flpocBMpMH  K.C.,  Timma  T.M.  v\  Ap./  CTanb.-Ns3.-1 988.- 
C.  8 1-86. 

3.  3. A.  Stovpchenko,  T.  Titova,  Yu.  Pavlenko  Mechanizm  of  formation  of 
nonmetat  inclusion  accumulation  in  bottom  part  of  steel  ingots//La  Revue  de 
Metailurgie.-1999.-Numero  hors  serie.-p.137. 

©  T.  Tumoea,  A.  CmoenneHKo,  2000r. 
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OOPMMPOBAHME  MHOrO0A3HblX  OKCHflOB  flPM 
KOMIUIEKCHOM  PACKMCJ1EHMM  BARyyMMPOBAHHO ft 
yrJIEPOflMCTOM  CTAJ1I4 

Jl.A.  Mouceeea 

HHCTMTyT  HepHoii  MeTanjiyprun  HAH  yKpaMHbi 
r.flHenponeTpoBCK,  yKpaMHa 


OCBOGHHe  HOBbIX  TeXHOfiOrMW  npOM3BOflCTBa  CTanil,  B  HaCTHOCTM, 

BHeneHHoPi  o6pa6oTKM,  BKntOHatomeM  BaKyyMMpoBaHMe,  paciaicneHMe, 
MiiKponernpoBaHne,  MOflnc|)MmipoBaHwe,  no3Bonnno  cymecTBeHHO 
yMeHbiuMTb  ra30HacbiL4eHH0CTb  m  3arpn3HeHHOCTb  HeMeTannuHecKHMM 
BKTIfOMeHMBMM  ymepOflMCTOM  KOJieCHOPi  CTa/lM. 

noBbiujeHHbie  rpeOoBa huh  noTpeOirreneM  k  HMCTOTe  CTann  no 
BKJifOMeHMflM  npeflnonarajOT  HeoOxoAiiMOCTb  flanbHeMwero 
MCCJieflOBaHMB  npupOflbl  MHOrOKOMnOHeHTHbIX  MHOrOC()a3HblX  OKCWflHbIX 
BKnfoneHMM,  o6pa3yK)Lnnxcn  b  pe3ynbTaTe  peaKquM  KOMHOHeHTOB- 
pacKMcnuTeneM  c  pacTBopeHHbiM  b  MeTanne  KwcnopoAOM.  Cno>KHbie 
npoiteccbi  o6pa30BaHnn  BKniOHeHMM  aHann3npyK)T,  Mcnonb3yn 
TepMOAMHaMMHecKne  pacneTbi  m  6onee  KowcpeTHbie 
MeTannorpacJ)MHecKMe  wccneflOBaHun  BKntoHeHMM  b  3aTBepAeBLuePi 
CTann.  CoBMeLqeHne  stmx  pa3/iHHHbix  noflxoflOB  c  ncnonb30BaHneM 
cooTBeTCTBytOLAnx  fluarpaMM  coctoahhh  no3Bonnei  6onee  nonHO 
M3yHMTb  npMpOfly  BKnfOHeHMM  B  dann. 

flna  pacKMcneHMB  BaKyyMMpOBaHHOM  KonecHOM  ciann  ncnonb3yK>T 
Al,  FeTi,  nopouiKOBbiM  SiCa,  oOecnenHBan  nonyneHMe  o6mero 
coAepwaHvw  Al  b  KonecHOM  MeTanne  Ha  ypoBHe  0,008%,  Ti  0,012%,  Ca 
0,001%  M  O2  0,004%.  ripw  MCCneflOBaHMH  OKCMAHbIX  BKnfOHeHHM  B 
BaKyyMHpOBaHHOM  CTanw,  pacKHcneHHow  no  pa3nnnHbiM  TexHonomnM, 
OKa3anocb,  mto  b  npe^enax  oflHoro  o6pa3Lja  n  TeM  6onee  b  o6pa3L4ax 
pa3nnHHbix  nnaBOK  o6pa3yK>Tcn  cno>KHbie  MHoroc})a3Hbie  OKCMflHbie 
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BKJiioMeHMfi.  KoHi^eHTpaunq  3JieMeHT0B-pacKMcnnTeneM  bo  BK/itoneHMax 
onpeflenyuin  pemreHOcneKTpanbHbiM  motoaom.  C/io>KHbie  OKCMAHbie 
BKiifOneHiifl  Tuna  aruoMMHaTOB  KanbAMM-TirraHa  coAepwa/iM  TaKne 
aneMeHTbi  KaK  AI,Ca,Ti,  KOHpeHTpapMH  KOTOpbix  ot  BRnfoneHMa  k 
BKJitoneHMK)  M3MeHflnacb  b  ujMpOKMx  npeAenax,  Al  ot  40  ao  96%,  Ca  ot  1 
flO  38%,  Tl  -  OT  1  AO  31%,  HTO,  HeCOMHeHHO,  CBH3aHO  C  pa3J1MHHblM 
COCTaBOM  BKflfOHeHMM. 

npupoAy  MHorocpa3Hbix  m  MHoroKOMnoHeHTHbix  ariJOMMHaTOB 
aHaAM3MpoBann,  npMB/ieKa*  ABOWHyto  A^arpaMMy  paBHOBecHoro 
cocTOAHMfl  b  CMCTeMe  CaO  -  Al203  m  TpoPiHyK)  AnarpaMMy  coctobhmb 
cucTeMbt  CaO  -Al203  -  Ti02  (pnc.1). 

npoBeAeHHbie  pacHeTbi  noKa3ann,  hto  npn  h aiiHHUM  bo  BRniOHeHMax 
BbicoKoro  coAepjKaHMfi  Al  -  80%,  Ca  - 10%  m  Ti  -  5%  no  nepMTeKTMHecKoft 
peaKquM  o6pa3yK)Tca  BKnroneHun  Tuna  reKcaaruoMMHaTa  Kanbpun  CaO 
6AI203  m  caMOCTonTenbHbie  okcmam  Tirana  Ti02.  T MTaH  MOweT  TaioKe 
3aMeiAaTb  anfOMMHMM  b  reKcaantOMMHaTe,  o6pa3y«  BK/HoneHun  Tuna 
Ca06(AI,Ti)203.  llonyMeHHbie  pacneTHbiM  nyTeM  Tunbi  bk/ijohohum 
xopoiiio  comacyfOTcn  c  ABHHbiMM  MHoroKOMnoHeHTHbix  AMorpaMM 
cocTonHM«  (pnc.1).  B  cTpyiaype  Tawe  BKHioneHun  BbiAermtoTca  b  bhao 
CKonneHMH  MenKnx  -  ot  1  ao  IOmkm  -  MHorocpa3Hbix  okcmaob. 

npn  yMeHbmeHMM  coAepwaHMB  Al  bo  BKntOHeHMnx  ao  40%, 
noBbiLueHMii  KOHL^eHTpaAMM  Ca  ao  20%  m  Ti  5%  b  cootbctctbum  c 
AnarpaMMoti  cocTonHMn  pacneTbi  noKa3ann,  hto  Hap^Ay  c 
reKcaanK)MMHaTOM  Kanban  o6pa3yeTcn  AnanjoMMHaT  Karihpua 
Ca02AI203.  3tm  ABa  aniOMMHaTa  MOryT  o6pa30BbiBaTb  SBTeKTMKy  Tuna 
CaO  6(AI,Ti)203  +  Ca02  Al203. 

B  CTpyiaype  stm  n3MeHeHnn  CBH3aHbi  c  o6pa30BaHneM  HapaAy  co 
CKonneHUflMM  reKcaantOMMHaTOB  Kanbpwa  moOynapHbix  eAMHMHHbix 
AManwMMHaTOB  KanbAnn.  CTeneHb  mo6ynnpn3ai4Mn  bkajohohhm 
noBbiLuaeTcn  c  yBGjiMHeHneM  Komiem-papHM  Ca  b  MeTanne  m, 
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COOTBeTCTBeHHO,  CaO  BO  BKI1K)MeHMf?X.  TlpM  :C<DOTHOUJeHMM  Ca/AI  Mac, 
paBHOM  0.5,  npaKTMMecKM  Bee  o6pa3yK)Lmnecfl  anKiMUHatbi  Kanbqwjq  b 
KonecHOM  MeTarme  wMenn  rnoOynflpHyK)  cfciopMy  m,  COOTBeTCTBeHHO, 
HM3KyiO  3arp^3HeHHOCTb  CTaJIM  OKCMflaMM. 

HT3K,  onpoSoBaHMe  pa3nnHHbix  pe>KMMOB  KOMrmeKCHoro 
pacKucneHna  KonecHOw  CTanw  AI,Ca,Ti  npMBO/jirr  k  o6pa30BaHMio  p^fla 
MHoroc()a3Hbix  anfOMMHaTOB  Kanban  -  3to  reKcaantoMMHaTbi  m 
fluaniOMMHaTbi  Kanban  m  mx  cno>KHb!e  coneTaHHR  TmaH  npn  3T0M 
MO>KeT  Cj)OpMMpOBaTb  CaMOCTOflTenbHbie  OKCMflbl  C  pa3nMHHOM 

BajieHTHOCTbto  TMTaHa,  MO>KeT  coeflMH^Tbca  c  CaO,  o6pa3y5i  pafl 
okmcjiob  cucTeMbi  Ca0-Ti02,  a  TaiOKe  3aMemaTb  nacTb  aruoMWHmr  b 
antOMMHaTax  b  cooTBeTCTBMM  c  flwarpaMMOM  Al203  -  Ti02. 

KaK  cneflyeT  m3  fluarpaMMbi  paBHOBecwa,  aanbHeiiLijee  noBbiiueHMe 
bo  BKJiiOMeHM^x  coAepwaHHH  Ca  flo  40%  MOweT  npuBecTM  k  HawOonee 
OnaronpwaTHOMy  pacKwcneHUK)  dann  m  o6pa30BaHMfO  caMOCTOHTenbHOM 
nerKonnaBKoii  3BTeKTMKM  co  cTexuoMeTpunecKOM  cfDopMyjiOM  Tuna 
Ca2AI203  +  CasAleO^. 

©  /LA.  Mouceeea,  2000r. 
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O  B03M0)KH0M  CTPOE HUM  BHyTPEHHHX  TPAHMM  B 
HEMETAJU1HMECKMX  BKJIKDHEHHflX  3BTEKTMHECKOrO  TMF1A 

C.H.  r ydeHKO 

Hai4M0HanbHa«  MeiannyprHMecKan  AKaaeMMa  YKpaMHbi 
r  flHenponeTpoBCK,  YKpanHa 

K  pacnpocTpaHeHHbiM  MHoroc})a3HbiM  HeMeTannunecKUM 
BKJ1K)HeHHflM  B  CTanflX  OTHOCflTCfl  MHOrOHMCneHHbIG  3BTeKTMKM: 
cyjibctmflHbie,  OKCMcynbCfM.qHbie,  OKCMflHbie,  cwnnKaTHbie,  HMTpMflHbie, 
cynbc|)ocMJiMKaTHbie,  OKCMCnnm<aTHbie.  B  CTpyicrype  t3kmx  BKnioHeHUM 
BcneflCTBue  coBMecTBHOM  KpncTanjiM3aqMM  (pa3  Ha6jiK)flaeTcn 
peryn«pHOCTb  b  nx  pacnonoweHMM,  CBOwcTBeHHan  3BTeicrnKaM  (pnc.1), 
XOT«  B03M0>KHbl  M  KOHmOMepaTbl  (J}a3.  B  SBTeKTMMeCKMX  BRJlfOMeHM^X 
HaGxifOflaeTCfl  Sonbiuoe  pa3H006pa3ne  BHyipeHHnx  Me>t«£a3Hbix  rpaHnq. 

Me>KC(Da3Hafi  rpaHupa  BKJifOHeHMe-BKnfOHeHMe  npeflCTaBnaeT 
co6om  30Hy  c  onpe,qeneHHOM  CTpyKTypofi,  KOTopan  onwcbiBaeTcn  cbommm 
napaMeTpaMn:  noBepxHOCTHoe  HaTfi>KeHMe  ybi-b2  m  nnomaflb 

noBepxHOCTM  FB1.B2.  npMMeHeHue  rn66coBOM  TepMOflMHaMMKM 
noBepxHOCTHbix  ABneHnn  no3Bonnno  noKa3aTb,  hto  pk>6om  napaweTp 
V\m  CBOMCTBO  CMCTeMbl  B  Cf)a3ax  OBTeKTMHeCKOrO  BKJlfOHeHHfl  MMeeT  CBOe 

3HaHeHMe  mBi  n  mB2,  a  Ha  rparnme  BKJifOHeHMe-BKntOHeHne  cyu^ecTByeT 
ero  cryu^eHMe  hjih  noBepxHocTHbm  M36biTOK  MBi-B2,  OTnnnaiOLunMCfl  ot 
3HaneHMR  aioro  napaMeipa  Bflanw  ot  rpaHMLjbi: 

M  Bi-B2=  M  -  (V  Bi+VB2 )  m  b2  +  5  ( v  bi  +  V  B2 )(  mB2  -  mB1), 
rfle  M  -  3HaHeHne  HeKOToporo  3KCTeHCHBHoro  napaMeipa;  VB1  n  VB2  - 
oSiaeMbi  cf>a3  BK/iK)MeHnn  ;  napaMeip,  onpeflejintOLqnM  nono>KeHne 
Me>K<t>a3Hon  rpaHHL|bi: 


^  =  V  si  /  (V  bi  +  VB2). 
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TepMOflMHaMMMeCKMM  MeTOfl  MCCJieAOBaHMfl  n03B0JlfleT 
4>opManbHO  paccMaTpMBaTb  rpaHwqy  BKJifOMeHne-BKnK>MeHwe  KaK 
flByMepHyio  c|3a3y  co  cBoew  3aBMCMM0CTbK)  xnMnnecKMX  noTeHqnanoB  ot 
TeMnepaiypbi,  noBepxHOCTHoro  HaTnweHMn  m  KOHqeHTpaqMM  aneMeHTOB. 

PaccMOTpeHbi  ycnoBna  cfropMMpoBaHMH  rpaHMq  BK/itoneHne- 
BKJiK>HeHne,  no3BonaK)L4Me  nonyHMTb  Ha  otmx  rpaHMqax  onpeAeneHHbie 
opneHTMpoBKH.  CTpyiaypa  BHyTpeHHMX  rpaHMq  onpefle/iHeTca 
napaMeTpoM  HecooTBeTCTBMn  f  conparatoiAHXca  pemeTOK: 

f  =  (^Bl  3b2)/  3bi  . 

rae  aBi  m  aB2  -  napaMeTpbi  KpMCTannMnecKMx  pemeTOK  4>a3  BKntoneHMR 
npw  f  <  0,1  Ha6/iK)flaeTCfl  Manoe  HecooTBeTCTBMe  pemeTOK  <pa3 
m  CTpyiaypa  rpaHMqbi  BKniOHeHMe-BKJiJOHeHMe  MO>KeT  OTBenaTb 
nepHOflMMHOCTM  M3BecTHbix  rpaHMHHbix  MOfle/iew  Tuna  pcy,  nPH,  P3C. 
PacneT  3HaHeHMM  f  npOBOflmiM  no  napaMeTpaM  pemeTOK  BK/ifOHeHMM 
(Ta6jl.  1).  M3  MHO>KeCTBa  paCCHHTaHHbIX  BapwaHTOB  <pB3  3BTGKTMKH  43% 
HMeioT  f  <  0,1.  nocKOjibKy  flna  SBTeKTMHecKMx  CTpyiayp  xapaicrepHO 
opMeHTaMMOHHoe  cooTBeTCTBiie  cj)a3,  Bno/iHe  ecrecTBeHHO,  mo 
cyu4ecTByeT  MHo>KecTBo  BapwaHTOB  nonyneHMfl  Manbix  3HaneHMM  f  no 
MewnnocKOCTHbiM  paccTOflHMHM  peiueTOK  cf>a3  (Ta6n.  2),  npMneM  He 
o6«3aTenbHO  c  ynacTweM  nnoTHoynaKOBaHHbix  nnocKOCTen. 

HanMHiie  HecooTBeTCTBMH  f  pemeTOK  $a3  3BTeKTMK  npeflnonaraeT 
pa3BMTne  Ha  Me>Kct)a3Hbix  rpaHMqax  BKnK)HeHMe-BK/noHeHne 
KOMneHcaqviOHHbJX  npoqeccoB,  npM3BaHHbix  cornacoBaTb 
HecooTBeTCTBMe  conpflraK)LqMxc«  pemeTOK.  npoaHanM3MpoBaHbi 
cnocoObi  KOMneHcaqMM  Ha  rpaHMqax  BKJiKJHeHMe-BKniOHeHMe:  wecTKafl 
penaKcaqMH  3a  cseT  ynpyroM  flecfjopMaqMM  peuueTOK  (pa3  3BTeKTMKn; 
o6pa30BaHMe  Me>wJ)a3Hbix  AMcnoKaqMM,  AByMepHbix  flecfjeKTOB  ynaKOBKM 
mum  cneqManbHbix  AByMepHbtx  Aec})eKTOB  TMna  6onbiueymoBbix  rpaHMq 
C0BnaAaK)iqMX  y3noB.  3HepreTMnecKne  ycnoBMn  cnoco6cTByK)T 
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B03HMKH0BeHMK)  Me>Kcf)a3Hbix  flMCjioKaLiMM  b  CTpyKType  rpaHH4 
BKnfOMeHMe-BKniOHeHMe  c  njoSbiM  HecooTBeTCTBueM  f. 

Ta6jim4a  1. 

3HaMeHMfl  HecooTBeTCTBuq  f  pemeTOK  cj)a3  3BTeicTHHecKoro 
BKJifOHeHMA  (no  napaMeTpaM  peiueTOK) 


Bi  (a,b,c) 

b2  (a,b,c) 

f 

MnS  (a) 

FeS  (c) 

-0,080 

FeS  (c) 

Al203  (a) 

0,015 

MnO 

Mn304  (a) 

-0,227 

Fe203  (a) 

CaO  Fe203  (a) 

0,119 

MgO  AI2O3 

2MgO  Al203 

-0,146 

MgO  AI2O3 

2MgO  Si02  (b) 

-0,208 

CaO  AI2O3 

CaO  2AI203 

-0,036 

FeO  Si02  (a) 

MnO  Si02  (a) 

0,0123 

TiN 

TiCN 

-0,0183 

FeO 

FeO  Si02  (a) 

-0,102 

FeS  (c) 

FeO  Si02  (a) 

0,183 

Ta6nnLja  2. 

3HaMeHMn  HecooTBeTCTBMn  f  peiueTOK  c£a3  3BTeKTimecKoro 
BKTllOH6HMn  (no  Me>KnJ10CK0CTHbiM  paCCTOflHMflM) 


B,(d) 

B2(d) 

f 

FeS  (110) 

MnS  (111) 

-0,012 

FeS  (311) 

MnS  (311) 

0,098 

MnO  (220) 

Mn304  ( ) 

-0,0056 

MgO  Al203 
(311) 

2MgO  Si02 
(112) 

-0,0089 

MgO  Al203 

(311) 

HMgO  (111) 

0,0021 

MnS  (200) 

MnO  (111) 

0,0171 

MnO  (111) 

FeS  (201) 

0,019 

TiN  (111) 

TiCN  (111) 

-0,027 
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Pmc.1  BKriHDHeHMfl  cmiMKaTHOM  (a)  m  okchahom  (6)  aBTeKTMKn;  x500 
©  CM.  ryGBHKo,  2000 r. 
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CTPyKTYPIHblE  ACnEKTbl  PA3PyWEHMfl  MATEPMAJ1A  TMKAfl 

BM.  Masyp,  C.B  KanycmnuKoea.,  l/t.E.Ka3UMupoea 
HaqMOHanbHan  MeTannypnmecKan  AKafleMMfl  YKpaMHbi 
r.AHenponeipoBCK,  YKpanHa 

HMeKrrcn  MHoroMucneHHbie  flaHHbie  no  M3yHeHHJ0  ba3kocth 
pa3pyiiieHnn  nnacTnHHbix  x<aponpOMHbix  MaTepnanoB,  oflHaKO 
KOHKpeTHbix  yKa3aHnn  06  M3MeHeHnn  MexaHH3M0B  pa3pyujeHnn  b 
flnana30He  paSonnx  TewnepaTyp  KpafiHe  Mano  n  TeM  6onee  TaKne 
nccneflOBaHnn  He  npOBOAnnncb  Ha  MeTannoKepaMHnecKOM  MaTepwane 
ceMewcTBa  TMKAfl.  V 

UenbK)  H'acfOflujeM  pafeoTbi  HBoneTCfl  nccneflOBaHne 
MHKpocKonMHecKHx  ocoOeHHOCTen  pa3pyiueHMn  cnnaBOB  ceweMCTBa 
TMKAA  b  ycooBHfix  BbicoKOTeMnepaTypHbix  wcnbuaHHM  Ha  H3rn6  h 
B/in«Hne  3thx  ocoOeHHOCTew  Ha  nnacTMHHOCTb  m  BH3K0CTb  pa3pyLueHMH. 

flpOBeAeHbi  naHopaMHbie  cppaKTorpact>MHecKne  HccneAOBaHwn 
H3J10M0B  BCeM  nOBepXHOCTH  06pa3L|0B  A03BTeKTHHeCK0r0  M 
SBTeKTMHecKoro  cocTaBOB.  OOteKTaMM  MccneflOBaHHM  cny>KMnM  riMTbie 
o6pa3L4bi,  McnbiTaHHbie  npw  OflHOKpaTHOM  CTaTMMecKOM  narpy>KeHMM  mx 
TpexTOMeHHbiM  M3m6oM  Ha  yciaHOBKe  Ann  BbicoKOTeMnepaTypHbix 
McnbiTaH  un,  TeMnepaiypy  wcnbuaHHM  H3MeHflnn  b  npeAenax  ot 
KOMHaTHOM  ao  1000  °C. 

Ha  OCHOBaHMM  3TMX  MCCJieAOBaHMM  MO?KHO  npeACTaBMTb 
cneAyKJLAyK)  cxeMy  pa3pymeHHH  SKcnepMMeHTanbHbix  cnnaBOB. 

Flocne  McnbiTaHMM  npH  KOMHaTHoii  TeMnepaType  Bee 
MCcneAyeMbie  o6pa3pbi  pa3pyLUMJincb  xpyntco.  B  cn/iaBax 
SBTeKTMHecKoro  Tuna  npeoOjiaAafOLAHM  MexaHM3M0M  pa3pyuieHHH 
ABJineTCH  ckoji  .  HapnAy  c  cfiaceTKaMM  CKona  HaOmoAaiOTCH  ynacTKH 
TeppacoBMAHoro  M3noMa  h  xpynkoro  Me>K3epeHHoro  pa3pymeHHH.  B 
A03BTeKTMHecKnx  cnnaBax  npeo6naAaK)LAHM  ABnaeTcn  MexaHM3M 
xpynKoro  Me>K3epeHHoro  pa3pyLueHMfl,  hto  CBH3aHO  c  ocoOeHHOCTHMM 
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MMKpocTpoeHMfi  3T MX  cnnaBOB,  a  wMeHHo:  pa3pyLueHne  MfleT  no 
OBTeKTMMeCKMM  KOJIOHMflM  CM/lMpMfla  TMTQHa,  OKaMMJmJOLL^MM  6blBLUHe  (3- 
3epHa. 

C  noBbuueHMeM  TeMnepaTypbi  wcnbiTaHHH  flo  600°C  Tonorpacpun 
noBepxHOCTU  M3MeHneTcn:  Ha  noBepxHOCTM  pa3pyiueHMH  noHBJiHJOTcn 
sneMeHTbi  bh3koto  M3noMa.  B  3BTeKTMHecKHx  cn/iaBax  -  sto 
MMKponycTOTbi  pa3MepOM  ot  0,0003  flo  0,01  mm;  oKOHHaTenbHoe 
paspyLLieHMH  ynacTKOB  c  MMKponycTOTaMn  nponcxoflm  BbiTnmBaHMeM 
nepeMbineK  Mex<Ay  hmmm,  T.e.  b«3ko.  B  floaBTeKTMMecKMX  cnnaBax  o 
nOHBJieHMM  BH3KOM  COCTaBJimOLl^eM  pa3pyLUeHMfl  CBMfleTeilbCTByeT 
Ha6nK)flaeMbiM  Ha  OTAenbHbix  ynacTKax  M3noMa  HMOHHbiM  penbecp. 
OflHaKO,  HeCMOTpH  Ha  nOHBJieHHe  BA3KMX  3JieMeHT0B  M3J10Ma,  OCHOBHbIM 
MexaHM3MOM  pa3pymeHnn  b  cnnaBax  o6ohx  cociaBOB  no-npe>KHeMy 
HBnneTcn  CKon;  HaOntoflaiOTcn  TaK  >Ke  flpyme  aneMeHTbi  xpynKoro 
M3noMa:  ocTpbie  rpaHM  CMnmjMAOB,  cfjaceTKM  CKona,  rpe6HM  OTpbiBa. 

nocne  McnbuaHHM  npw  TeMnepaType  700°C  66pa3Mbi 
pa3pyujnnMCb  He  nonHOCTbio,  hto  CBMfleTenbCTByeT  o  B03paciaHHM 
nnacTMHHOCTM  MaTepwana.  B  OonbLiieM  CTeneHM  pa3pyLunncn  oOpaseq 
cnnaBa  3BTeKTHHecKoro  cocTaBa;  nepBMHHan  TpemMHa 
pacnpocTpaHneTcn  b  my6b  3Toro  o6pa34a  Ha  4  mm,  a  b  o6pa3qe  cnnaBa 
AosBTeKTMHecKoro  cocTaBa  Ha  2,5  mm.  OcHOBHan  TpemHHa  pacTeT  nyTeM 
pa3pyujeHnn  nepeMbineK  Me>Kfly  oTAenbHbiMH  btophmhumh 
MMKpoTpeu4MHaMM.  CTpyKTypa,  KOTopyjo  yflanocb  Ha6nfOAaTb  b  rnyStine 
nepBMHHOM  TpeLI|HHbl,  COCTOMT  M3  (paceTOK  CKona,  COOTBeTCTByK)lAMX 
xpynKOMy  pa3pymeHMio,  m  Hepa3BMBMiiiMxcn  rnyOoKMX  MMKpoTpeiAMH  c 
BbICOKMMM  BepTMKanbHbIMM  CTeHKaMM,  KOTOpbie  8BnflK)TCH  BH3KOM 
cocTaBnnioLMeM  pa3pymeHMn.  Ha  noBepxHOCTM  o6pa3LjoB  b  30He 
TOpMO>KeHMn  MarMCTpanbHOM  TpemMHbi  Ha6niOAaK)Tcn  nonocbi 
CKonb>KeHMn,  KaK  cneACTBMe  nnacTMHecKOM  AecpopMaMMM.  HonocaMM 
CKonb>KeHMn  KpwcTannbi  pa3Aenn»OTcn  Ha  OTAenbHbie  nacTM  -  naHKM 
CKonb>KeHMn.  3tm  nacTM  He  TonbKO  CABMraK)Tcn  OTHOCMTenbHO  Apyr 
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Apyra,  o0pa3ya  CTyneHbKM  cflBura,  ho  no  Mepe  pa3BHTMfl  flec()opMai4MM 
noBopaMMBaK>TCH  OTHOCMTenbHO  AeMCTByfoiAeM  cwnbi,  M3rn6afOTC*  m 
BbITflrMBafOTCJR.  OAHOBpeMeHHO  C  T3KMM  nOBOpOTOM,  M3ITl60M  M 
BbiTa>KKOM  naneK  CKOjibweHMfl  nponcxoAw  noBOpOT  m  M3m6  OTAe/ibHbix 
3epeH,  npHBOA^iAwe  b  kohbhhom  cneie  k  BbnawKe  BAOiib  HanpaBneHMfl 
TeneHMa  no  Mepe  pa3BMTHH  a®4)0PM3MHh.  flr in  cnnaBOB  oOomx  mnoB 
xapaicrepeH  CMeiuaHHbiM  xpynKO-BH3KHM  MexaHM3M  pa3pyweHMfl.  Ponb 
MexaHH3Ma  o6pa30BaHna  m  cnmnm  MMKponop  B03pacTaeT,  hto  oAHaKo 
He  oSecneHHBaeT  AocTaiaHHon  nnacTMHHOCTM  Maiepwana  npw  stow 
TeMnepaType.  3to  CBfl3aHO  c  nanHHMeM  b  cn/iaBe  CTpyKTypHbix 
aneMeHTOB,  xpynKO-BH3KMM  nepexoA  b  KOTopbix  owwAaeica  npw  6o/iee 
BbicoKHx  TeMnepaTypax  m  mx  npe>KAeBpeMeHHoe  xpynKoe  pa3pyiueHMe 
Bbi3btBaeT  o6iAee  pa3pyiueHMe  Maiepiiana.  OrpyKTypa  n3/ioMa 
CBMAeTenbCTByeT  o  bh3kom  pa3pyuueHMM  MaTpmjbi  b  ochobhom  no 
MexaHM3My  o6pa30BaHHH  m  cjiMflHkm  MHKponycTOT  n  xpyriKOM 
pa3pyLiieHHM  ckohom  chjihamahom  cf>a3bi  . 

B  HHTepBane  TeMnepaiyp  800...1000°C  (aha  AOSBTeKTMHecKMx 
cnnaBOB)  h  900...1000°C  (ajih  3BTeKTMHecKMX  cnnaBOB)  pe3KO 
B03pacTaeT  nnacTMHHOCTb  MaTepwana  TMKAfl,  o  MeM  CBMAeTenbCTByeT 
Ha6ntOAaeMoe  3HaMmenbHoe  nnacTMHecicoe  AecfropMMpoBaHMe  (nporn6 
o6pa3i4a  A03BTeKTMMecKoro  cnnaBa,  HanpMMep,  cocTaBnneT  «  90°). 
06Hapy>KeHHb!e  b  MecTe  M3m6a  o6pa3i40B  HeMHoroHHcneHHbie  pa3pbiBbi 
c  OKpymbiMH  KpanMM,  Me/iKkie  nopbi  m  MMKpoTpeiAMHbi  He  nonynaiOT 
pa3BHTHfl  M  T0pM03flTCfl  B  npMnOBepXHOCTHbIX  CnOflX.  Pe3Koe 
B03pacTaHne  nnacTMHHOCTM  cnnaBOB  b  MHTepBane  TeMnepaiyp 
800. ..1000  °C  MO>KeT  6bfTb  oOycnoBneHO  TeM,  hto  HapHAy  c  ba3Kmm 
pa3pyujeHneM  MaTpmibi  hpomcxoamt  nepexoA  ot  xpynKoro  k  BsmoMy 
pa3pyiiieHHK)  h  cmjimahaob  TmaHa. 

©  B.M.  Ma3yp,  C.B  KanycmnuKoea.,  H.E.KaauMupoea,  2000r. 
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PRODUCTION  OF  GAS-SOUD  STRUCTURES  IN  ALUMINIUM  AND  NICKEL 
GAS-EUTECTIC  ALLOYS 

J. M.  Apprill**,  W.  Hammetter*  M.C.  Maguire***  M.E.  Miszkiel*, 

V.i  Shapovalov* 

*Sandia  National  Laboratories,  **Univ.  of  Arizona,  ***KomTek,  USA 

Abstract 

Experimental  data  on  directional  and  bulk  solidification  of 
hydrogen-charged  samples  of  aluminum  alloy  A356  and  nickel  alloy 
Inconel  718  are  discussed.  The  solidification  structure  of  porous  zone  is 
shown  to  be  dependent  on  many  process  variables.  Of  these,  hydrogen 
content  in  the  melt  prior  to  solidification,  and  furnace  atmosphere 
pressure  during  solidification  play  the  decisive  role.  Also  important  are 
the  furnace  atmosphere  composition,  the  solidification  velocity  and  the 
temperature  distribution  in  the  liquid  metal  inside  the  mold. 

Introduction 

It  has  been  known  that  gas-eutectic  equilibrium  may  occur  in 
metal-hydrogen  systems  of  sufficient  purity  in  the  vicinity  of  melting 
temperatures  [1].  This  happens  mainly  in  systems  where  no  formation  of 
metal  hydrides  takes  place  at  high  temperatures,  like  Fe-H,  Cu-H,  Ni-H, 
Al-H,  Mg-H  etc.  When  the  metal  is  charged  with  hydrogen  to  a  level  near 
the  gas-eutectic  concentration,  its  solidification  involves  decomposition  of 
the  liquid  to  a  solid  and  a  gaseous  phase.  A  variety  of  gas-solid  structures 
may  develop  in  the  reaction  [2].  Around  this  reaction  termed  gas-eutectic 
one,  a  process  for  synthesis  of  special-property  materials  was  developed 
which  was  named  Gasar  process  [3J.  Of  particular  interest  is  what  is 
called  gasarite,  a  structure  featuring  an  ordered  porous  region  [2]. 
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Materials  so  structured,  or  Gasars  display  mechanical  properties  superior 
to  porous  materials  produced  by  other  ways.  While  gasarite  is  more  or 
less  readily  obtained  in  binary  metal-hydrogen  systems,  it  may  only  form 
under  special  conditions,  if  at  all,  in  ternary  or  more  complex  alloys  where 
no  explicit  gas-eutectic  equilibrium  may  be  attained. 

Yet  making  Gasars  of  complex  high-strength  alloys  far 
outperforming  unalloyed  metals  in  mechanical  properties  is  of  great 
interest  for  commercial  considerations.  So  far,  no  consistent 
experimentation  in  this  area  was  performed,  the  major  reason  being  the 
notorious  difficulties  of  work  with  hydrogen  at  high  temperatures. 

In  this  context,  a  goal  was  set  to  study  solidification  structure 
formation  in  a  widely  used  aluminum  alloy  A356  and  an  important  nickel 
alloy  Inconel  718  on  charging  with  hydrogen.  The  basic  data  on 
thermodynamics  of  hydrogen  interactions  with  these  alloys  were  obtained 
previously  [4].  Alloy  A356  is  especially  popular  in  aerospace  applications; 
hence  the  desire  to  reduce  its  density  by  40-50  %  without  appreciably 
compromising  its  tensile  properties.  That  this  may  be  achieved  was 
demonstrated  by  previous  work  on  copper  and  magnesium  Gasars  [5]. 
Alloy  718  is  known  to  combine  very  high  mechanical  properties  with 
outstanding  resistance  to  corrosion,  particularly  at  high  temperatures. 
However,  its  high  density  (8.22  g/cm3)  severely  restricts  its  applications  in 
aerospace  vehicles,  so  reducing  the  density  of  this  alloy  is  even  more 
urgent. 

Experiments  and  Results 

Commercial  alloy  samples  were  used  in  the  experimentation.  The 
composition  of  the  alloy  A356  cast  bars  was  5.86  %  Mg,  0.13  %  Ti,  0.2  % 
Fe,  aluminum  the  balance.  The  alloy  718  was  supplied  in  12  mm  rolled 
bars  of  chemical  composition:  5.2  %  Nb,  3.1  %  Mo,  0.9  %  Ti,  0.5  %  Al, 
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nickel  the  balance.  Hydrogen  and  helium  of  commercial  purity  from 
standard  cylinders  were  used  as  components  of  controlled  atmospheres. 
No  special  purification  was  carried  out.  A  mechanical  vane  pump  was 
used  at  the  roughing  stage  to  provide  a  vacuum  of  10  to  50  fitorr.  All 
experimentation  was  performed  on  a  unit  described  earlier  [4]  that 
belongs  to  Liquid  Metal  Processing  Laboratory  of  Sandia  National 
Laboratories,  Albuquerque,  New  Mexico.  The  partial  pressures  of 
hydrogen  and  argon  were  varied  from  0.01  to  2.0  MPa.  The  temperature 
was  measured  by  a  W-Re  thermocouple.  In  experiments  with  A356  it  was 
protected  by  an  alumina  sheath  and  introduced  into  the  melt.  With  Alloy 
718,  it  was  placed  within  the  stopper  rod  at  50  mm  off  the  crucible  bottom 
and  backed  up  by  a  pyrometer.  The  melting  process  was  monitored  by  an 
outside  videocamera  while  the  mold  was  supervised  with  an  internal 
videocamera.  A  sample  of  liquid  alloy  weighed  2  to  5  kg  for  A356  and  4 
to  9  kg  for  718.  A  casting  was  subjected  to  density  measurement  by 
hydrostatic  weighing,  then  cut  across  its  structural  zones  to  determine  the 
local  void  fractions  and  pore  morphology  characteristics.  In  some  cases, 
microstructural  characterization  and  chemical  analyses  were  performed. 

Two  solidification  modes  were  investigated,  namely  directional 
solidification  and  bulk  soljdificaton. 

The  directional  solidification  route  was  as  follows: 

•  heating  and  melting  the  charge  in  a  controlled  atmosphere, 

•  10  min  holding  the  melt  at  constant  temperature  and  partial  pressures 
of  the  gases, 

•  tapping  the  melt  into  a  cylindrical  mold  165-250  mm  in  diameter 
having  a  copper  base  and  ceramic  walls,  and 

•  solidification  under  controlled —  varied  or  constant  —  pressure. 

The  velocity  of  directional  solidification  was  varied  by  changing  the 
thickness  of  ceramic  dressing  of  the  copper  base,  the  water  flow  velocity 
in  the  copper  chill,  and  the  tapping  temperature. 
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The  bulk  solidification  involved  the  following  steps: 

•  heating  and  melting  the  charge  in  a  controlled  atmosphere, 

•  10  min  holding  the  melt  under  constant  conditions, 

•  cooling  the  alloy  down  to  or  slightly  below  its  liquidus  temperature, 

•  tapping  the  melt  into  a  ceramic  mold  minimizing  heat  losses,  and 

•  varying  gas  pressure  above  the  melt  at  a  preset  rate  during 
solidification. 

The  major  process  variables  in  this  series  of  runs  were  the 
pressure  variation  rate  in  solidification,  the  solidification  velocity,  the 
tapping  temperature,  and  the  rate  of  melt  cool-down  to  liquidus. 

Alloy  A356 

The  directional  solidification  of  A356  results  in  a  macrostructure 
featuring  two  zones,  Fig.  1.  Compact  spheroidal  pores  having  relatitively 
small  diameters,  0.1  to  2.0  mm,  occur  in  the  bottom  zone  that  adjoins  the 
copper  base.  Their  diameter  increases  by  a  factor  of  2  to  3  from  bottom 
to  top.  The  pores  show  a  uniform,  although  not  ideal  distribution  through 
the  zone.  At  the  casting  top  there  is  a  zone  of  large  gas  holes  whose 
shape  is  replicated  at  the  casting  surface. 


Figure  1 .  Schematic  of  directionally  solidified  A356  Gasar 
macrostructure. 
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Figure  2.  Influence  of  solidification  pressure  on  void 

fraction  of  directionally  solidified  A356  Gasar  ingots. 

Hydrogen  charging  pressure  0.5  MPa,  charging  and 

teeming  temperature  900  °C. 

The  Void  fraction  values  averaged  across  the  casting  and  within 
the  ordered  zone  are  mainly  dependent  on  the  hydrogen  pressure,  the 
holding  temperature,  and  the  gas  pressure  in  solidification. -  A  all  other 
process  variables  exert  much  less  control.  The  solidification  pressure  has 
an  especially  marked  effect,  Fig.  2.  Yet  the  influence  of  pressure  is 
not  uniform  over  its  entire  range.  Above  0.04  MPa,  its  effects  are  hardly 
observable.  Conversely,  even  minute  pressure  variations  within  the  range 
from  0.005  to  0.01  MPa  lead  to  dramatic  changes  in  the  void  fraction. 
This  a  cause  the  broad  scatter  in  the  lower  pressure  range.  Fig.  2  shows 
an  abrupt  rise  in  Gasar  void  fraction  as  the  pressure  is  lowered  below 
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0.02  MPa.  However,  the  void  fraction  even  in  successful  directional 
solidification  runs  did  not  rise  above  30  %. 

The  bulk  solidification  normally  resulted  in  spheroidal  pore  shape, 
although  compact  pores  of  complex  shape  also  formed,  Fig.  3,  left.  The 
distribution  of  pores  across  the  casting  was  much  more  intricate  than  in 
directionally  solidified  ingots  and  was  dependent  on  the  temperature 
distribution  in  the  melt  at  the  instance  of  pressure  change.  This  factor  was 
found  to  be  highly  important  because  it  determined  conditions  of 
hydrogen  bubble  nucleation  and  growth.  When  some  region  was  too  cold, 
the  solidification  lead  the  bubble  growth,  making  the  region  low-porous. 
When  the  local  temperature  was  too  high,  the  bubbles  grew  more  rapidly 
than  did  the  solid,  became  large  and  floated  up  to  the  melt  surface.  As  a 
result,  a  low-porosity  material  formed  in  place  of  the  overheated  melt 
region  as  well.  Therefore,  various  macrostructures  could  develop  when 
no  special  measures  were  taken  to  equalize  the  melt  temperature 
throughout  the  casting,  Fig.  3. 


Figure  3.  General  macrostructural  types  of  bulk- 
solidified  A356  Gasar  ingots.  Left:  uniform 
temperature  distribution  in  the  melt.  Rest:  nonuniform 
temperature  distribution. 

The  overall  and  local  void  fractions  alike  were  greater  in  bulk 
solidified  materials  than  in  directionally  solidified  ones.  The  major  factors 
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affecting  void  fraction  were  the  pressure  difference  between  the  holding 
and  the  solidification  step,  the  melt  tapping  temperature,  and  the  rate  of 
melt  cool-down  to  liquidus  temperature. 

The  overall  and  local  void  fractions  alike  were  greater  in  bulk 
solidified  materials  than  in  directionally  solidified  ones.  The  major  factors 
affecting  void  fraction  were  the  pressure  difference  between  the  holding 
and  the  solidification  step,  the  melt  tapping  temperature,  and  the  rate  of 
melt  cool-down  to  liquidus  temperature. 

Worthy  of  special  mention  are  pore  dimensions  and  shape.  The 
average  pore  size  ranged  from  0.5  to  10  mm,  depending  on  the  terminal 
pressure  and  the  starting  temperature  of  pressure  decline  in  solidification. 
Titanium  additions  also  played  a  part,  for  they  enhanced  hydrogen 
solubility  in  the  melt  and  facilitated  gas  bubble  nucleation.  The  latter 
effect  is  associated  with  formation  of  fine  particles  of  refractory 
intermetallic  TiAI3.  These  have  a  very  low  surface  energy  and  act  as 
bubble  nucleation  sites  when  the  pressure  is  reduced.  Microstructural 
characterization  revealed  that  the  TiAI3  crystals  have  a  plate-like  shape 
and  predominantly  are  found  at  hydrogen  bubble  surface.  The  hydrogen 
bubbles  adhere  to  the  aluminide  particles  rather  strongly,  so  that  the 
thermodynamic  impetus  for  and  the  rate  of  bubble  coalescence  are 
markedly  reduced.  Also  hindered  is  mechanical  removal  of  bubbles  from 
the  solidifying  melt  via  upward  floating.  As  a  result,  the  final  void  fraction 
is  further  increased.  The  maximum  void  fraction  achieved  by  bulk 
solidification  was  78  %,  the  pores  having  a  complex  compact  shape  and 
an  average  size  of  4  to  8  mm. 

Inconel  718 

The  directional  solidification  of  hydrogen-charged  Alloy  718 
results  in  a  macrostructure  generally  featuring  four  zones.  Similarly 


256 


©Eutectica-V 


SBTeKTMKa  V 


oriented  pores  normal  to  the  copper  bottom  make  a  honeycomb  structure 
in  the  casting  bottom  section  that  contacts  the  water-cooled  chill,  Fig.  4.  A 
relatively  shallow  zone  of  coarse  pores,  sometimes  coalesced  to  form 
disk-shaped  cavities,  is  found  above  the  bottom  zone.  This  type  results 
from  coalescence  of  neighboring  pores  as  these  grow  in  the  honeycomb 
zone,  so  the  region  in  question  may  be  termed  the  coalescence  zone. 
Above  this  one,  a  zone  of  more  or  less  compact  pores  having  complex 
dendrite-like  shape  is  revealed.  Further,  the  top  portion  of  casting  is 
where  large  subsurface  bubbles  (pores)  concentrate.  The  overall  void 
fraction  of  the  honeycomb  and  the  coalescence  zone  was  about  the  same 
and  ranged  from  5  to  67  %,  depending  on  the  Gasar  process  variables. 
The  void  fraction  was  primarily  affected  by  the  hydrogen  charging 
pressure  and  the  argon  pressure  in  solidification. 

The  absolute  and  relative  dimensions  of  the  zones  also  are 
dependent  on  conditions  of  melting  and  solidification.  It  is  possible  to 
produce  castings  having  only  one  of  the  above  zones  or  any  combination 
of  two  or  three  of  them.  To  do  this,  however,  the  mold  shape  and  material 
and  the  sample  weight  sometimes  have  to  be  changed.  For  example,  the 
copper  base  was  in  some  cases  replaced  by  non-cooled  slabs  of  graphite, 
ceramics  or  steel  25  mm  thick. 

Furthermore,  «twin-p!ate»  casting  was  performed  using  a  couple 
of  similar  or  dissimilar  plates  spaced  1  to  25  mm  apart.  Following  are  the 
most  important  findings  of  those  runs.  The  cooling  plate  material  affects 
Gasar  structure  and  void  fraction  fairly  strongly.  It  is  always  possible, 
however,  to  select  the  pressures  of  hydrogen  and  argon  and  the  tapping 
temperature  so  that  a  desired  structure  and  void  fraction  (up  to  65  %)  will 
be  achieved  in  cast  sheets  up  to  25  mm  thick. 
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Figure  4.  Schematics  of  Alloy  718  Gasar  ingot 
macrostructure  produced  by  directional  (left)  and 
bulk  solidification  (right). 

In-situ  production  of  sandwich  constructions  in  Incone!  718  is  thus 
feasible.  Such  Gasar  sheets  1  to  2  mm  thick  with  an  overall  void  fraction 
of  e.g.  45  %  may  consist  of  a  porous  core  and  two  nonporous  skins. 

The  bulk  solidification  resulted  in  formation  of  only  two  structural 
zones,  Fig.  6.  The  major  part  of  the  casting  was  occupied  by  a  region  of 
fairly  coarse  dendrite-like  pores.  Practically  no  honeycomb  zone  was 
found.  The  overall  void  fraction  turned  out  to  be  just  a  fraction  higher  than 
in  directional  solidification.  Although  somewhat  surprising,  this  finding 
lends  itself  to  explanation.  First,  the  surface  energy  of  nickel  is  much 
greater  than  that  of  aluminum,  so  the  hydrogen  bubbles  are  much  more 
apt  to  coalesce  in  Alloy  718  than  they  are  in  aluminum.  In  this  connection 
it  should  be  remembered  that  the  velocity  pf  bubble  emersion  increases 
with  the  babble  size.  Second,  the  buoyancy  force  acting  on  a  hydrogen 
bubble  of  a  given  size  in  the  nickel  alloy  is  three  times  that  in  the 
aluminum  base  alloy.  The  bubbles  therefore  tend  to  rise  much  more 
rapidly  and  the  hydrogen  to  escape  the  melt  and/or  the  mushy  zone  more 
quickly  before  the  solidification  is  completed  in  the  nickel  alloy. 

It  should  be  noted  that  structure  formation  in  bulk  solidification  is 
not  completely  understood.  More  in-depth  studies  are  probably  needed 
into  the  effects  of  such  factors  as  the  temperature  at  which  reducing  the 
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pressure  js  started,  the  rate  of  pressure  reduction,  and  the  rate  of 
temperature  reduction  down  to  the  liquidus.  These  issues,  however,  have 
fallen  outside  the  scope  of  the  present  study. 

Conclusions 

With  the  alloy  A356,  Gasars  may  be  produced  by  directional  and 
bulk  solidification  alike.  In  both  cases,  however,  the  attempts  to  obtain  a 
honeycomb  structure  have  not  met  with  success. 

With  no  special  additions,  aluminum  alloy  Gasars  ban  only  be 
made  by  solidification  under  pressures  below  0,1  MPa. 

Additions  reducing  the  energy  at  hydrogen-solid  metal  interface 
facilitate  nucleation  and  individual  growth  of  gas  bubbles.  This  enhances 
the  void  fraction,  makes  the  results  more  consistent,  and  enables  Gasar 
synthesis  via  solidification  at  and  above  1  atm  pressure. 

With  Alloy  718,  honeycomb  type  structures  with  void  fractions  up 
to  65  %  may  be  obtained  in  layers  up  to  25  mm  thick  by  directional 
solidification.  No  honeycomb  morphology  is  observed  in  bulk  solidification 
which  results  in  a  peculiar  dendrite-like  shape  of  pores. 
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NEW  TITANIUM  BASED  METAL-CERAMIC  MATERIALS 

V.  Mazur,  S.Kapustnikova 

National  Metallurgical  Academy  of  Ukraine 

Dnepropetrovsk,  Ukraine 

One  of  the  most  critical  problems  in  the  production  of  state-of- 
the-art  engines  is  related  to  the  improvement  of  the  efficiency  of 
machines  and  units.  The  problem  can  be  solved  both  by  the 
implementation  of  engine  power  augmentation  techniques  and  by 
reducing  heat  losses  in  the  cooling  system.  In  this  case  the  heat  density 
in  the  parts  of  the  piston  -  cylinder  group  of  internal  combustion  engines 
is  increased  to  such  a  degree  that  the  load-carrying  capacity  of 
conventional  structural  materials  has  turned  out  to  be  exhausted. 

This  has  stimulated  numerous  attempts  to  solve  the  problem  of 
improving  reliability  and  durability  of  augmented  engines  both  by  means 
of  purely  design-oriented  solutions  (implementation  of  local  cooling,  local 
strengthening),  and  by  applying  of  reinforcing  inserts  made  of  wear- 
resistant  materials,  such  as  austenitic  cast  iron  of  the  Ni-resist  type.  Such 
solutions  make  the  article  design  and  the  production  process  more 
sophisticated,  and  increase  their  cost. 

The  experience  gained  in  designing  engines  of  a  new  generation 
with  an  operating  cycle  approximating  an  adiabatic  one,  in  which  the  heat 
losses  are  drastically  decreased,  has  shown  that  such  engines  can  be 
manufactured  only  if  principally  new  structural  materials  are  to  be 
employed. 

To  make  sure  that  these  materials  could  provide  for  the 
previously  not  attainable  temperature-power  parameters  of  the  unit’s 
operation,  they  should  feature  the  following  set  of  properties:  high- 
temperature  strength,  resistance  to  high-temperature  gas  corrosion,  and 
cracking  resistance,  low  density,  low  thermal  conductivity  and  thermal 
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expansion  coefficients.  Two  classes  of  materials  meet  these 
requirements  most  efficiently:  structural  ceramics  and  metal-ceramic 
alloys. 

In  the  world  practice  of  engine  manufacturing  known  are 
developments  of  the  new  generation  of  engines  in  which  ceramics  are 
used  based  on  oxides,  carbides,  nitrides  and  more  complex  compositions 
/I -3/.  However,  the  level  of  mechanical  properties  of  those  materials,  in 
particular,  their  cracking  resistance,  is  inadequate.  This  limitation,  as  well 
as  the  high  cost  of  the  articles  made  of  the  latest  ceramic  materials, 
hampers  their  wide  use. 

Among  other  things  it  is  known  that  under  the  conditions  of  abrupt 
temperature  changes,  metal-ceramic  materials  feature  a  higher 
resistance  to  thermal  shocks  /4/,  and  which  is  of  primary  importance,  a 
higher  resistance  to  dynamic  loads  as  compared  to  ceramics.  However  , 
the  majority  of  the  metal-ceramic  materials  used  for  manufacturing  of 
engine  parts,  have  a  high  thermal  conductivity  and  fail  to  provide 
adequate  thermal  insulation  of  the  combustion  chamber. 

Metal-ceramic  materials  are  mainly  produced  by  means  of 
powder  metallurgy  technology  using  rather  sophisticated,  expensive  and, 
quite  often,  explosion  hazardous  equipment  which  requires  special 
premises.  The  production  technology  features  two  critical  parameters: 
milling  fineness  of  the  metallic  and  ceramic  ingredients,  and  quality  of 
their  mixing.  In  the  latter  case  close  packing  has  to  be  provided  so  that 
each  particle  of  the  ceramic  component  has  to  be  surrounded  by  a  certain 
number  of  metallic  particles,  and  vice  versa.  In  such  case  the 
technological  compatibility  of  the  ingredients  should  be  taken  into 
consideration,  i.e.  their  ability  to  dissolve  the  atoms  of  the  other 
component  in  the  solid  and  liquid  states,  the  probability  of  contact  fusion. 

All  that  makes  the  technological  process  more  complex,  and 
increases  the  cost  of  the  ultimate  product. 
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In  view  of  this,  the  metal-ceramic  structural  materials  of  the 
eutectic  class  are  more  advanced  and  technologically  friendly.  They  are 
manufactured  using  existent  casting  and  foundry  equipment,  do  not 
require  sophisticated  and  costly  installations  for  milling  and  blending  of 
the  ingredients.  Dispersity  of  the  phase  components  and  their  close 
packing  in  the  space  are  provided  by  the  parameters  of  the  melt 
solidification  process:  linear  crystallization  rate,  temperature  gradient 
concentration  of  technological  and  natural  impurities. 

The  advantages  of  eutectic  composite  materials  have  been 
implemented  during  the  development  of  the  compositions  and  technology 
of  a  family  of  titanium-based  metal-ceramic  materials  /5,6/  generally 
identified  as  TICAD. 

Table  1  shows  the  physic-mechanical  properties  of  TICAD 
materials  in  comparison  to  some  most  widely  used  ceramics.  The  table 
demonstrates  that  alloys  of  the  TICAD  family  comprise  a  new  class  of 
structural  materials  which  effectively  combine  the  most  valuable 
properties  both  of  metallic  and  ceramic  materials  /7,8/: 

-  low  density,  thermal  conductivity,  thermal  expansion  comparable 
with  relevant  values  for  structural  ceramics; 

-  high  strength  characteristics  at  700-830°  C  service  temperatures; 

-  high  stability  to  crack  development,  substantially  higher  than  that  for 
ceramics; 

-  high  specific  strength  within  a  wide  temperature  range,  comparable 
with  similar  values  for  commercial  titanium  alloys. 

The  combination  of  such  properties  which  would  be  estimated  as 
mutually  incompatible  for  conventional  materials,  has  become  feasible 
due  to  the  implementation  of  the  eutectic  mechanism  of  strengthening 
which  was  not  realized  earlier  in  conventional  titanium  alloys. 


262 


©Eutectica-V 


9BT6KTHKa  V 


Table  1 


Both  structural  components,  i.e.  the  alloyed  titanium  matrix  and 
the  lamellar  or  rod-like  particles  of  the  reinforcing  phase  are 
simultaneously  crystallized  in  the  melt  being  cooled  down,  forming  a 
natural  composite.  Depending  on  the  concentration  of  the  alloy 
components  we  are  able  not  only  to  obtain  a  large(up  to  50%)  volume 
fraction  of  the  basic  Ti5Si3  reinforcing  phase,  but  also  crystals  of  other 
intermetallic  phases  which  additionally  strengthen  the  alloy  (Fig.1). 
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Thus,  depending  on  the  alloying  complex  and  on  the  production 
process  parameters,  the  materials  of  the  TICAD  family  can  be  subdivided 
into  three  groups: 

-  heat  temperature  resistant  (HT) 

-  oxidation  resistant  (OR) 

-  fracture  toughness  resistant  (HFT) 

An  analysis  of  the  results  of  property  tests  and  structure  studies 
has  shown  that  the  TICAD  family  alloys  meet  a  wide  range  of 
requirements  set  to  the  state-of-the  art  structural  materials,  thus  allowing 
to  consider  them  as  perspective  materials  for  thermally-stressed  ICE 
parts. 

Bench  trials  of  diesel  engines  with  the  piston-cylinder  group  parts  made 


a  b  c 

Fig.  t  .Characteristic  microstructures  of  the  TICAD  family  alloys: 

a  -  HT,  b  -  OR,  c  -  HFT,  everywhere  -  x  200. 


of  the  new  materials  have  demonstrated  their  high  reliability,  durability  in 
the  high  temperature  and  corrosive  environment  of  the  combustion 
chamber.  The  running  time  during  the  tests  of  one  of  the  experimental 
engines  according  to  an  accelerated  procedure  at  the  PA  Vladimir 
Tractor  Plant  was  equivalent  to  10000  motor-hours.  This  allows  to  offer 
the  new  TICAD  metal-ceramic  materials  for  manufacturing  of  the 
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following  parts:  piston  body,  piston  head,  cylinder  head  bottom,  gas 

turbine  wheel,  turbo-supercharger  inlet,  atomizer,  connecting  rod. 
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JlHTEMHblE  3BTEKTHMECKME  CnilABbl  oc-AI  +  Mg2Si 
BblCOKOTEMriEPATyPHOrO  nPMMEHEHWfl 

O.M.  Eapadauf,  H.n.  Kop>Koeab ,  T.H.  JlesKana,  O.B.  CynbxeHKO a 

a)  Hhctmtvt  MeTarmocf)M3MKM  HAHY 
r.  KneB,  YKpanHa 

b)  Hhcthtyt  npobneM  MaTepManoBeaeHMH  HAHY 
r.  KneB,  YKpanHa 

nepcneKTMBHbiMM  p,nn  pa3pa60TKM  BbicoKOTeMnepaiypHbix 
cnnaBOB  hbji^hdtca  cnnaBbi  TpoMHbtx  cncTeM,  b  KOTOpbix  MMetOTca 
KBa3n6nHapHbie  ceneHMH  Mew&y  MeiannoM  m  TyronnaBKOM  m 
TepMOflMHaMMMeCKM  yCTOMHMBOM  MHTepMeTannMflHOll  Cfc»a30M  [1],  K  T3KMM 
npnHaflJie>KMT  TpOMHan  CMCTeMa  Al-Mg-Si,  aBTeKTimecKne  a-AI  +  Mg2Si 
cnnaBbi  kotopom,  pacnonoweHHbie  Ha  KBa3n6nHapHOM  ceneHMM,  MMeiOT 
BbicoKyjo  TeMnepaTypy  nnaBneHwn,  bonbLnyto  ofrbeMHyio  flonio 
ynpOMHHtoineM  cpa3bi  m  xopoume  nMTeMHbie  cbomctb3. 

Pe3ynbTaTbi  TepMOflMHaMMHecKoro  aHann3a  [2,3]  m 
BbinonHeHHoe  3KcnepnMeHTanbHoe  MecneflOBaHne  AMarpaMMbi 
nnaBKOCTM  stom  CMCTGMbi  [4]  noKa3ann,  mto  KOHOfla  Tpexc|)a3Horo 
3BTeKTMHecKoro  paBHOBeciin  L  <=>  a-AI  +  Mg2SI  c  MaKCMManbHOM 
TeMnepaTypoH  (597°C)  m  HyneBbiM  HHTepBanoM  nnaBneHMn  SBTeKTMKM 
cMeu^eHa  OTHOCMTenbHO  cTexMOMeTpMnecKoro  ceneHMn  b  oSnacTb 
cnnaBOB,  oborau^eHHbix  MamiieM.  nocipoeHHe  KOHqeHTpatjMOHHOM 
3aBMCMMOCTn  TeMnepaiypbi  m  MHTepBana  nnaBneHMH  SBTeKTMHecKoro 
npeBpau^eHHH  no3Bonnno  onpeflenMTb  rpaHMqbi  obnacTM  ,qByxc|5a3Hb!x 
npM  KpncTannn3ai4MM  3BTeKTHHecKnx  cnnaBOB  m  cociaBbi  cnnaBOB, 
onTHManbHbix  c  tohkm  3peHnn  hx  BbicoKOTeMnepaTypHoro 
ktcnonb30BaHnn. 

K  HeflociaTKaM  3BTeKTMHecKnx  cnnaBOB  3Toro  Knacca  othocmtca 
MX  OTHOCMTenbHO  HM3K3H  npOHHOCTb  M  OnaCTMHHOCTb.  A*™  nOBblLUeHMH 
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ypOBHfl  MexaHMHeCKMX  CBOMCTB  CnnaBOB  M3yneHa  B03M0>KH0CTb 
flono/iHUTenbHoro  ynpOHHeHMH  MaTpi^bi  flMcnepcHbiMM  nacTMLjaMM,  He 
B3aMMOfleMCTByK)LHMMM  C  SBTeKTMHeCKMM  BOJIOKHOM. 

H3BecTH0  [5],  hto  nerMpoBaHMe  cnnaBOB  anfOMMHMH  Sc  n  Zr 
npMBOflHT  K  nOBbimeHMK)  ypOBHfl  MexaHMHeCKMX  CBOMCTB  3a  CMeT 
o6pa30BaHMH  flMcnepcHbix  KorepeHTHbix  MaTpMpe  nacTMM  AbfSc^xZrx). 
BbicoKan  TeMnepaTypa  crapeHMa  fliw  BbifleneHM*  otmx  nacTnq  m  Marian 
cKopocTb  mx  KoarynnuMM  oSecnenHBaeT  TepMMHecKyfo  CTa6nobH0CTb 
CTpyirrypbi.  flnH  cnnaBOB  SBTeKTMHecKoro  cocTaBa  HaMM  onpefleneHO 
onTMManbHoe  coflepMOHMe  m  cooTHOLueHMe  stmx  aneMeHTOB,  KOTOpoe  He 
npMBOflHT  K  M3MeHeHMK)  Cf>a30BOrO  COCTaBa,  npaKTMHeCKM  He  CHM>KaeT 
TeMnepaiypy  rmaB.neHMfl  m  3HaHmenbH0  ynpOHHaeT  crmaB.  no,qo6Hbie 
MCcneflOBaHiiq  npoBeAewbi  nn*  Apymx  anewem-OB,  TaKMx  KaK  Cr,  Ti,  Mn, 
Cu  m  flp.f  nernpOBaHne  KOTOpbiMM  no3BoriHeT  peanM30BaTb,  Hap^ay  c 
K0Mn03ML4M0HHblMt  TBepflOpaCTBOpHbIM  M  flMCnepCMOHHblM  MexaHM3Mbl 
ynpOMHeHMH.  BbiSpaHbi  m  onTMMM3MpOBaHbi  pe>KMMbi  TepMMHecKOM 
o6pa6oTKM  KOMnneKCHO-nerMpoBaHHbix  SBTeKTMHecKMX  cnnaBOB. 

npoBefleHHbiM  MeTannorpac})MHecKMM  aHann3  noKa3an,  hto 
SBTeKTMKa  a-AI+Mg2Si  othocmtch  k  orpaHeHHO-HeorpaHeHHOMy  Knaccy, 
KpMCTaririM3aL4MH  KOTOpOM  HaHHHaeTCJ?  C  nOflBJieHMH  M  pOCTa  3apOflblLUeM 
MHTepMeTaririMflHOM  cf>a3bi  Mg2Si  c  nocneAyK)i±|HM  pa3BMTneM 

SBTeKTMHecKMX  KOTIOHMM.  COBMeCTHOe  BBefleHMe  CKaHflMH  M  14MPKOHMH  B 
6a30BblM  CnnaB  npMBOAMT  K  M3MeHeHMK)  M0pC(30J10rMM  nepBMHHbIX 
fleHflPMTOB  MeTanOMHeCKOM  Cf)a3bl  M  M3Mej1bHaeT  3BTeKTMHeCKyfO 
CTpyKrypy. 

CTpyiaypa  m  cpa30BbiM  coctsb  SBTeKTMHecKMX  cn/iaBOB 
o6ecnenMBaK)T  BbicoKMe  3HaneHMH  noKa3aTe/ieM  M3HOca,  ocoSeHHO  npn 
noBbimeHHbix  TeMnepaTypax  b  ycooBMax  flMHaMMHecKoro  HarpyweHMfl,  a 
T3K>Ke  XOpOLUMe  K0pp03M0HHbte  M  3JieKTpOXMMMHeCKMe  XapKTepMCTMKM. 
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MexaHMHecKMe  McnbrraHMn  KOMnneKCHO-nernpOBaHHbix  cnnaBOB 
3BTeKTMsecKoro  cocTaBa  b  TeMnepaTypHOM  MHrepBane  20-400°C 
noKa3anw  BbicoKMfi  ypoBeHb  npOHHOCTHbix  cbomctb,  npunew  wx 
npeMMyu^ecTBO  nepe/j  APyrnMM  nMTePiHbiMM  cnnaBaMM  anjOMMHMfl 
B03pacTaeT  c  yBejinneHneM  epeMeHM  Bbiflep>KKn  m  TeMnepaiypbi 
ncnbiTaHH??;  b  MHTepBane  TeMnepaTyp  250-400°C  npOHHOCTb 
SBTeKTMMecKMX  cnnaBOB  flocTuraeT  peKOpAHbix  3HaHeHMM. 
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APPLICATION  OF  THE  NEW  EUTECTIC  ALLOYS  FOR  WELDING 
AND  BRAZING  OF  THE  HEAT-PROOF  MATERIALS 

V.V.  Kvasnitskyy,  V.F.  Kvasnitskyy,  A.N.  Vorobjev 
Ukrainian  State  Maritime  Technical  University 
Nikolaev,  Ukraine 

1.  Introduction. 

The  major  heat-proof  materials  in  modern  transport  engineering 
industry  are:  nickel-base  age  hardenable  alloys,  age-hardened  composite 
and  non-metallic  materials.  When  making  the  integral  joints  of  these 
materials  a  whole  number  of  problems  arises. 

The  heat-proof  age-hardenable  nickel  alloys,  when  using  fusion 
welding,  show  a  significant  tendency  to  a  weld-area  cracking  both  during 
the  welding  process  and  during  heat  treatment.  For  the  treatment  of  the 
cracking  it  can  be  used  the  Eutectic  Ni-Ni2B,  as  welding  wire  with  B.  At 
present,  Ni-Cr-B-Si  alloy  is  generally  used  for  brazing  super  alloys,  but 
some  disadvantages  appear  in  use.  For  example,  B  is  easy  to  form  block 
brittle  primary  borides  due  to  low  solubility  in  super  alloys. 

It  is  known  that  brazing  is  made  without  melting  of  base  metal  at 
the  expense  of  brazing  alloys  in  which  some  elements  named 
depressants,  are  introduced  to  fall  the  temperature.  B,  Si,  Pd,  Mn  and 
others  are  used  as  depressants  for  nickel-base  super  alloys.  Last  time  Zr 
and  Hf  are  used.  But  they  don’t  descrease  the  complex  of  alloys  abilities. 
For  increasing  of  lasting  strength  of  alloys  2%  (mass)  of  Hf  is  introduced 
into  the  modern  super  alloys. 

Creation  of  brazing  alloys  with  Hf  is  complicated  by  the  absence 
of  the  phase  diagrammes  of  Ni-Hf  alloyed  by  elements  which  come  into 
the  composition  of  nickel-base  super  alloys,  in  particular  by  Cr.  Cr  is  the 
most  important  element  of  the  brazing  alloys  which  provides  their  heat- 
resistance. 
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The  information  on  system  Ni-Zr-Cr  is  brought,  but  is  on  system 
Ni-Hf-Cr  it  is  not  enough;  Even  the  information  on  binary  system  Ni-Hf  in 
literature  is  very  contradictory.  That  is  why  the  aim  of  this  work  was  to 
study  the  low  of  influence  of  the  alloying  elements  on  the  phase 
composition  and  properties  of  system  Ni-Hf,  which  determine  the 
effectivness  of  alloys  and  the  quality  of  brazing  alloys. 

Application  of  Hf  as  depressant  based  on  the  existence  in  Ni-Hf 

system  of  eutectic  between  y-Ni  and  intermetallic  Ni5Hf  with  melting  point 

1190°C.  Analysis  of  literature  showed  that  eutectic  concentration  of  Hf 
determined  in  a  very  wide  interval.  That  is  why  the  eutectic  concentration 
of  Hf  in  binary  system  and  then  in  many  components  systems  was 
determined  at  first. 

2.  Experimental  procedure 

In  Ni  angle  of  the  systems  Ni-Cr-Hf,  depending  on  Cr  and  Hf 
concentration  two  types  of  monovariant  eutectics  are  brought  out: 

e1  =  Y-Ni{Cr)+Ni5Hf(Cr);  e2  =  Y”Ni(Cr)+Ni7Hf2(Cr)- 

Comparison  of  data  for  alloys  with  Hf  and  alloy  with  Zr  alloying  by 
Cr  confirms  the  analogy  in  their  construction.  The  influence  of  Cr  in 
systems  is  identical  and  only  the  microhardness  Ni7Zr2  is  lower  than  the 
microhardness  of  Ni7Hf2.  The  microhardness  of  intermetallic  Ni7(Hf,  Zr)2 
changes  accordingly  at  different  correlation  between  Zr  and  Hf  in  alloys,  if 
they  introduce  into  alloys  in  common.  On  the  base  of  the  received  results 
isothermal  and  polithermal  series  of  sections  was  built  for  the  system  Ni- 
Cr-Hf  which  show  the  character  of  phase  equilibrium’s  and  alloys 
crystallisation  that  allows  to  construct  new  brazing  alloys  in  depending  on 
their  purpose  and  max  temperature  of  heating  of  the  base  metal. 

For  brazing  of  nickel-base  super  alloys  the  most  favourable  are 
brazing  alloys  of  eutectic  content  with  5%  Cr.  This  excludes  the  harmful 
influence  of  the  thermal  cycle  of  brazing  on  the  alloys  peculiarities.  It  is 
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necessary  to  notice  that  Hf  provides  high  heat  resistance  and  resistance 
against  high  temperature  salt  attack.  That  is  why  there  is  no  necessity  of 
high  concentration  of  Cr  in  alloys. 

Brazing  alloys  with  15-20%  of  Cr  can  be  used  for  brazing  of  the 
disperse  strengthened  alloys  which  are  got  by  the  methods  of  powder 
metallurgy.  Investigations  of  many  components  alloys  at  use  of  Hf  and  Zr 
as  depressant  showed  that  Hf  and  Zr  substitute  each  other  completely. 
Their  chemical  connections  make  up  the  infinite  series  of  solid  solutions. 
In  this  case  eutectic  alloys  are  priority  for  brazing  alloys.  For  the 
determination  of  eutectic  concentration  of  Zr  and  Hf  was  made  a  suppose 
that  they  substitute  for  each  other  proportionally.  It  is  confirmed  by 
experiments  that  this  substitution  is  subordinated  to  the  linear 
dependence.  As  the  eutectic  with  Zr  has  the  melting  point  lower  then 
eutectic  with  Hf  so  the  melting  point  of  eutectic  is  fallen  proportionally  to 
atomic  concentration  at  alloying. 

Conclusions 

1.  The  most  suitable  for  the  brazing  of  traditional  nickel-based  super 
alloys  are  alloys  of  eutectic  content  of  the  system  Ni-Cr-Zr  and  Ni- 
Cr-Hf  which  contain,  9,6-9, 8%  at.  Zr,  or  9,4-10,6%  at.  Hf  and  Cr  up 
to  5%  at. 

2.  For  the  brazing  of  disperse  strengthened  alloys  with  are  got  by  the 
methods  of  powder  metallurgy  can  be  used  eutectic  alloys  of  the 
systems  Ni-Cr-Zr  and  Ni-Cr-Hf  with  more  high  content  of  Cr  -  up  to 
15-20%  at. 

3.  The  calculation  of  composed  solder  fractions,  dense  packing  of  filler 
and  using  of  solders  with  Hf  and  Zr  allow  to  provide  the  properties  of 
restored  parts  on  the  level  of  base  metal  properties. 

©  V.V.  Kvasnitskyy,  V.F.  Kvasnitskyy,  A.N.  Vorobjev,  2000. 
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OOPMMPOBAHME  CYErPAHUMHOM  3BTEKTMKM  B  CMCTEMAX 
HMKEJlb-JlAHTAHOMfl 

B.E.  OnbLuaHewuu,  A.  A.  llucapCKUU 

3anopo>KCKMM  rocyAapCTBeHHbiw  TexHunecKUM  yHMBepcMTeT 
r.3anopo>Kbe,  YKpaMHa 

3neKTpoHHOonTMHecKMM  ananm  ABOWHbix  ctiCTeM  BbicpKOMucTbiPI 
HMK6Jib  (99,9999%)  -  MMKpofloSaBKa  naHTaHOM^a  (Ce,  La)  noKa3an,  mto 
npn  H63HaMMTenbHOM  coflep>KaHMM  nocneflHeM,  oflHaKO  npeBbiiuahoineM 
HeKOTopyio  KpMTMHecKyio  KOHneHTpaquK)  (6onee  0.8x1  O’4  aT.  AOJiew)[1], 
Ha  flMcnoKaMMHX  cyOrpaHMHHbix  cieHOK  oOHapywtfBaKrrca  MMKpoBbifle- 
neHMR  BTOpow  cf)a3bi  (Ce  min  La)Nis  b  bma®  “nyHKTMpHbix”  L^enoneK 
3BTeKTMHeCKMX  Cy6MaCTML4  (PMC.  1). 

06pa30BaHwe  TaKoro  po^a  “tohkom”  3BTeKTHKM  nponcxoflMT  npii 
flOCTaTOHHo  BbicoKOM  TeMnepaType,  KOTOpan  pna  CMCTeMbi  Ni-La 
cocTaBnaeT  1270°C,  a  pnn  CMCTeMbi  Ni-Ce  -  1210°C.  npM  stom  Ha 
OojibLueyrnoBbix  rpaHMi\ax  npH  coflep>KaHHHX  naHTaHOMfla, 
oOecneHMBafoiMMx,  cornacHO  pacneTaM  [1],  nepecbimeHMe  nioObix 
BHyTpeHHHx  rpaHM4  pazpena,  BKJifOHeHMH  MHKpoHacTMi4  (P3M)Ni5l  He 

Ha6nK)AaK>TCH. 

nOCKODbKy  3<4)4)eKT  Cj)OpMMpOBaHMH  CyGrpaHHHHOH  SBTeKTHKH 
KacancH  TonbKO  AncnoKaqnoHHbix  CTeHOK,  npeACTaBnano  HHTepec 
BbiflCHMTb  hmcto  TepMOAMHaMHHecKwe  npHHHHbi  3Toro  flBneHMfl,  a  TaioKe 
yCTaHOBMTb  KOHL|eHTpaMMOHHyK)  3aBMCMMOCTb  yma  pa30pHeHTMp0BKM 
cyOrpaHm^bi,  HanwHaa  c  AOKpMTimecKMx  KOHqeHTpaLjMM  MHKpoAoOaBKM 
naHTaHOMAa,  npw  KOTOpbix  cyOMacTHMbi  3BTeKTMHecKoro 
HHTepMeTamiHAa  eme  ce6a  hmk3k  He  o6Hapy>KMBaK)T. 

3KcnepnMeHTbi  (MOAenbHaa  CMCTeMa  Ni-Ce)  noKa3ann  [2],  hto 
yron  pa30pneHTnp0BKM  CMe>KHbix  cy63epeH,  pa3AeneHHbix  AMCJiOKaqMOH- 
HOM  CTeHKOH,  M3MeHfleTCfl  SKCTpeMaflbHO,  o6Hapy>KHBaH  MaKCHMyM 


272 


©Eutectica-V 


SBTeKTMKa  V 


MMeHHO  npM  KpMTMHeCKOM  COflepwaHMM  peAK03eMenbH0M  MMKpOflOSaBKM. 
npM  33KpHTMHeCKOM  COflepwaHHM  LjepMeBOM  MMKpOnpMCaflKM  pa30pneH“ 
TMpOBKa  CMe>KHbix  cy63epeH  HecKonbKO  yMeHbLuaeTCH  m  npM  3tom 
C{)MKCMpyeTCfl  HaJlMHlie  CyGrpaHMMHOM  "nyHKTMpHOM”  3BTeKTMKM  (puc.  1). 


Pmc.  1  “{lyHKTMpHafi”  aBTeKTMKa  Ni-(P3M)Ni5  Ha  flncnoKai_|MOH- 
Hbix  cTeHKax:  a)  CMCTeMa  Ni-Ce;  6)  CMCTeMa  Ni-La,  x30000 


H3MeHeHne  yma  cyOrpaHMHHOM  pa3opMeHTMpOBKM  b  cf>yHKLj|MM  coflepwa- 
HHH  MMKp0fl06aBKH  (C  WCHe3aK)Li4e  MajlOH  paCTBOpHMOCTbfO  B  HMKe/ie  npH 
nioSbix  TeMnepaTypax)  Heo6xoAMMO  cBR3biBaTb  TonbKO  c  MeHfliomeMCH 
CTpyicrypoM  OTAeiibHbix  nepnoAHMecKM  noBTopqjoLAHxcn  ynacTKOB  ahcjio- 
Kai4MOHHOM  rpaHMLibi  pa3Aena. 

flocKOjibKy  b  ycjiOBiiHx  3aA3HHOM  opMeHTaLjMM  oceM  ashapmtob  pac- 
cTOHHHe  Me>Kqy  AMCjioKaMMHMM  b  CTeHKax  Taioxe  aojdkho  coxpaHflTbca 
HeH3MeHHblM,  TO  “BCrUieCK”  pa30pneHTMp0BKH  npH  KpMTHHeCKOM  CO- 
Aep>KaHnn  LjepMH  (naHTaHa)  mo>kho  oS-bHCHMTb  cf)OpMHpOBaHneM  CTeHOK 
M3  MHOrOKpaTHbIX  AHCJIOKaLJMM,  “CnpOBOL|MpOBaHHOM”  Ha/lMHMeM 
3HaHMTenbHoro  HMcna  "M36biTOMHbix”  aTOMOB  jiaHTaHOMAa  b  kpm- 
CTamiM3MpyK)U4MXCH  ocTaTKax  >kmakom  c})a3bi.  MoAe/ib  o6pa30BaHMa 
MHOrOCTeHOHHOM  fpaHMLJbl,  COCTaB/ieHHOM  no  CyLAeCTBy  M3  “CBepX- 
AMCJ10Kai4MM”,  B  A3HH0M  CJiyHae  HBHO  He  rOAMTCH,  T.K.  C(30pMMp0BaHMe 
tbkmx  AwcnoKai^MOHHbix  rpaHMp  Tpe6yeT  noAxoAa  Sonbworo  HMcna 
“CBe>KMX”  AMCROKai4MM  M3  aKTMBHO  AeMCTByjOlAMX  “MCTOHHMKOB”,  a  3T0  B 
paccMaipMBaeMOM  CMTyaL^MM  nBnnejcn coBeptueHHo  HepearibHbiM. 
PaCCMOTpMM  TeopeTMHeCKytO  B03M0>KH0CTb  CjDOpMMpOBBHMfl  yCTOMHMBbIX 
rp3HML|  CMMMeTpMHHOfO  HaKROHa,  COCTaBJieHHblX  M3  MHOrOKpaTHbIX 
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KpaeBbix  AMcnoKaMMPi  m  CTa6Mrm3HpOBaHHbix  atom  a  mm  naHTaHOMfla  (mx 
nnHeMHbiMM  cerperaMMHMM).  Comacne  TeopeTMMecKMx  oqeHOK  yrnoB 
pa30pHeHTMp0BKM  Cy63epeH  C  AaHHbIMM  HpflMblX  3KCnepMMeHT0B, 
BKJiK)Hafl  ymbi,  npM  KOTopbix  y>Ke  Ha6niOAaK)TCfl  cySrpaHMHHbie 
MMKpOHaCTML\bl,  CMO>KeT  nOATBepflMTb  KOHqenL^HK)  B03HHKH0BeHMfl 
“tohkom”  sBTeKTMKM  Ha  CKonneHMflx  MHoroKpaTHbix  KpaeBbix  AMCJiOKaMMii. 
3aBMCHMOCTb  M3MeHeHMH  ynpyroM  cboGoahom  SHepmM  npM  cpopMMpo- 
BaHMM  jaKoro  ppfla  CKormeHMM  (cTeHOK)  b  cpyHKqMM  yma  pa3opneH- 
TMpOBKM  0  M  CpaKTOpa  KpaTHOCTH  AMCnOKALJMM  OTeHKM  CJ  b  HanieM 


cnynae  6yfleT  onpeAe/iflTbCH  cneAyiOLAMM  BbipaweHMeM: 
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B  A3hhom  cfiopMyne  nepBoe  cnaraeMoe  xapaKTepH3yeT 
n3MeHeHne  yAenbHoPi  3Heprnn  AwcnoKaLjMOHHOM  cTeHKM  (Ay(0,q)), 
BTOpoe  -  M3MeHeHne  ynpyroPi  SHepmM  BcneACTBMe  HajiMHMfl  cerperapHii 
npMMecHbix  aTOMOB  (A f/z(0,<y)),  a  TpeTbe  cnaraeMoe  crrpawaeT 
n3MeHeHne  KOHcpMrypam-iOHHOM  sHTponmi  pacnpeAeneHMM  aTOMOB 
npiiMecvi  BAO/ib  jimh m  AMcnoKaMMM.  npM  stom  G  -  MOAy/ib  CABMra;  b  - 
eeicrop  Bioprepca;  v  -  K03cpc|DMMMeHT  IlyaccoHa;  s  -  pa3MepHbm  cpaiaop 
npHMecHoro  aTOMa;  c  -  riMHeMHaa  KOHL^eHTpauiHH  aTOMOB  npMMecM; 
q(q- 1)  /  2  -  KOH$nrypai4HOHHb!M  cfcaKTop  nonepenHoro 

pacnpeAeneHMH  aTOMOB  npHMecM.  ,  , 

npM  pacneiax  npMHMMajiM,  hto  c  =  1  m  npeHe6perann  OTHpcmenbHO 
ciiaSbiM  BjiHHHMeM  SHTponMMHoro  c|)aKTOpa.  Pe3ynbTaTbi  TaKMx  pacneTOB 
npneeAeHbi  Ha  pMC.  2. 

AHann3  nonyneHHbix  HMcneHHbix  oueHOK  AJia  o6enx  CMCTeM  noKa3an, 
mto  AncnoKai^MOHHaa  rpaHHi^a,  cocTaBJieHHafl  m3  TpexKpaTHbix 
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AMcnoKai^uft,  HaMMHaeT  o6ecneHMBaTb  TepMOfliiHaMMHecKUM  Bbiurpbiiu  c 
pa30pMeHTMp0BKM  0  =  1 2.. .14'  (PMC.  2,6),  HTO  xopoino  comacyeTCa  c 
3KcnepnMeHTanbHbiMM  ashhumm,  KacatOLi^MMUca  BJiMfiHMa  ijepMfl  Ha  3Ty 
xapaKTepMCTMKy.  flocKOjibKy  npw  pacneTax  yHMTbiBami  MaKcmvianbHyK) 
CTeneHb  Hacbii^eHMH  AUCiiOKaijwM  aTOMaMM  naHTaHOMfla,  KOTopaa 
OTBenaxia  KpvmiHecKOK  KOHijeHTpaMmi,  to  nfo6oe  nocneflyfOLi^ee 
yBeriMHeHMe  coAepwaHMH  MMKpoflo6aBKM  qepwH  (naHTaHa),  eciecTBeHHO, 
flOn>KHO  6blJ10  npMBGCTM  K  06pa30BaHMK3  Cy6rpaHMMHOM  3BTGKTMKM  M 
HeKOTOpoMy  yMeHbtueHMK)  pacneTHOM  pa30pneHTnpoBKW  cy63epeH  (n3-3a 
BJ1WHHMH  C|)aKTOpa  KOHCpMrypaL|MOHHOM  3HTp0nMM),  HTO  TaiOKe  Haiuno 
yflOBJieTBopMTenbHoe  3KcnepnMeHTanbHoe  noflTBep>KfleHMe  [1,2]. 


Pmc.  2  3aBMCMMOCTb  SHepreTMHecKMX  napaMeTpOB  rpaHmjbi 
CMMMeTpMHHoro  HaKriOHa  ot  HananbHoro  yrna  pa3opneHTnpOBKM  0  fljia 
MOflenbHOM  CMCTeMbi  Ni-La:  a)  npw  pa3riMHHbix  q ,  6)  npw  q  -  3  . 
JlUTEPATyPA 

1.  KoBanb  A.fl.,  OnbLuaHeqKMM  B.E.  06  aHOMaxibHOM  M3MeHeHMM 
3epHorpaHMMHOM  3Hepmw  HMKeriH,  MiiKponempOBaHOM  naHTaHOM  hjim 
L^epweM  //MeTanrio4)M3MKa,  Bbin.  44.-K.:  HayKOBa  AyMKa,  1973.-  C. 67-72. 

2.  KoBanb  A.fi.,  OnbiuaH6L|KMM  B.E.,  CTenaHOBa  Jl.n.  BrmaHMe 
MMKpoflo6aBOK  qepMH  Ha  pa30pneHTMp0BKy  cy63epeH  b  hmctom  HMKene 
//MeTannocf)M3MKa,  Bbin.  53.-K.:  HayKOBa  AyMKa,  1974.-  C.72-75. 

©  B.E.  O/ibU/aHemoju,  A.A.  flucapcKLiu,  2000r. 
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OCOBJ1MBOCT1  CTPyKTyPOyTBOPEHHB  y  riJlA3MOBMX 
riOKPMTTflX 

E.  A.  EenbHiKoe,  B.T.  LUeeneHKO,  O.B.  CpLuoe. 

3anopi3bKMM  flepwaBHMM  tgxhnhmm  yHiBepcuTeT 

m.  3anopi>K>Kfl,  YKpaTHa. 

Po3po6Ka  b  rany3i  noBepxHeBoro  3Mii4H©HHB  KOHCTpyKniMHUx 
MaTepianiB  e  oahmm  3  HanpaMiB  piujeHHfl  npoSneM  niflBMLiieHHfl 
HafliMHOCTi  Ta  flpBrpBiHHOCTi  Bnpo6iB  MaLUMHo6yflyBaHH«.  3oKpeMa, 
HaHecertHa  MeianeBnx  3axncHnx  noKpurriB  ra30TepMiHHMMM  MeTOflaMM 
,qo3Bonfie  3H3HH0  niABMLAyBaTM  pecypc  poScrm  fleianeM  MauuMH,  1140 
npai4ioK)Tb  b  yMOBax  TepMOxiMiHHOi  epo3ii  Ta  3HOwyBaHHfl  (fleTani 
ABMryHiB  BHyTpiLUHboro  3ropaHHfl,  CKJioc^opMyfonoro  iHCTpyMeHTy  tolao). 
riepcneKTMBHMM  b  i4bOMy  HanpfiMKy  e  noKpmra  eBTeKTMHHoro  Tuny. 

C  TepMOAMHaMiHHOI  TOHKM  30py  eBTeKTMHHj  KOMnCOWLjiMHi 
MaTepiann  bmhhtkobo  CTaSinbHi.  XiMiHHi  ncrreHiJiianM  MaTpmii  Ta 
3MiMHK)tOHOV  4)a3l4  B  TaKMX  CMCT6M3X  piBHi,  TOMy  B  nepLUOMy  Ha6jlM>KeHHi 
b  h mx  BiAcyTHfl  xiMiHHa  B3aeMOA^  Mi>K  KOMnoHeHTaMM.  CnequcpiKa 
MOpCjDOJlOriV  eBTeKTMHHMX  MiKpOCTpyKTyp  T3K0>K  BM3HaMae  TepMiHHy 
CTa6iJibHicTb,  m  OT>Ke,  bmcokI  MexaHiHHi  BiiacTMBOCTi  npn  niABMtueHMX 
TeMnepaTypax. 

3  yMOBH  TexHOJioriHHOCTi  Pi  eKOHOMiHHOdi  3HaHHMPi  iHTepec 
BMKJIMKaKJTb  eBTeKTHHHi  riOKpHTTfl  Fe-Cr-B-Si-C,  LAO  OTpMMyiOTb 
nna3MOBO-AyroBMM  HanmieHHflM  i3  3acTocyBaHHHM  nopOLUKOBHx  APOTiB. 
TaKi  noKpMTTJi  CKJiaAawTbca  3  rmacTMHHoT  CTaneBoY  MaTpmji,  lao 
3MiAHeHa  CKJiaAHMMM  Kap6o6opMAaMM  pi3HO‘f  CTexiOMeTpi'f: 
(Fe,Cr)23(B,C)6l  (Fe,Cr)2(B,C),  (Fe,Cr)3(B,C)  Ta  (Fe,Cr)7(B,C)3  toiao. 

Mopcftonori*  nacTMHOK  Kap6o6opMAHoT  npwpoAM  BM3Ha4acTbca 
cniBBiAHOiueHHSRM  KOMnoHeHTiB  Ta  yMOBBMM  KpncTani3aL4iT.  npMHOMy 

BMCOKi  3HaneHHfl  LUBWAKOCTi  oxonoA>KeHHfl  («105oC/c)  po3nmieHoro 
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MeTany  npn  KpupTaxibayiT  npuminyiOTb  picT  KpMCTaniB  eBTeicrnKM,  m 

OT>Ke,  3a6e3neHyfOTb  yTBOpeHHP  TOHKOflMcnepcHoro  KOHrnoMepaTy 

(pnc.1a). 

Ane  npn  3H3MHOMy  (3-4  %)  bmIct  6opy  Ta  3MeHLueHHi  WBMflKOCTi 
oxonofl>KeHHfl  HanuneHoro  mapy  MO>Ke  mbth  Mici^e  yTBopeHHn 
Kap6o6opMfliB  ronKonofliSHoY  cfropMM  (pnc.16).  Flpn  nna3MOBOMy 
HanuneHHi  rpaflieHT  TennoBiflBefleHHf?,  m  npaBuno,  e  HOpManbHUM  flo 
noBepxHi,  mo  BiAHOBmoeTbcn.  TaKi  yMOBM  pocTy  KpMCTaniB  3MipHK)iOHoT 
Cpa3M  e  CnpMflTnMBMMM  Ta  niABMmyfOTb  3HOCOCTiMK!CTb  HaHeceHnx  tuapiB. 


Pmc.  1 .  MiKpocTpyKTypa  noKpMTTiB  cmctcmm  Fe  -Cr-B-Si-C,  x500. 
a  -  TOHKOflHcnepcHMM  KOHmoMepaT;  6  -  Kap6o6opMAM 

ronKonofli6HoY  cpopMM. 

BucoKOTeMnepaTypHMPi  BiAnan  noKpurriB  Ha  3ani3HW  ocHOBi  3a 
pe>KHMOM,  mm  3a6e3nenye  Koarynmjiio  (J)a3  BTineHHn,  ao3bojihc  y 
LUMpOKOMy  Aiana30Hi  3MiHK)BaTM  Tx  TBepAiCTb  Ta  TexHonoriHHiCTb  npn 
o6po6i4i. 

Ha  niACTaBi  aHanby  npoBeAeHnx  AOcniAweHb  BCTaHOBneHO,  u\o 
eBTeKTMHHi  nOKpMTTH  3  nOpOLUKOBMX  APOTiB  CMCTeMM  3anl30-Xp0M- 
KpeMHiM-6op-Bymei4b  He  nocrynafOTbcn  3a  cboimm  xapaicrepMCTMKaMM 
noKpmrfiM  3  MaTepia/iiB  Ha  HkeneBiM  ocHOBi.  Lljo  t3ko>k  o6yMOBnioe 
eKOHOMiMHy  Aopi/ibHicTb  ix  3acTOcyBaHH«. 

©  E.  A.  Eejibuinoe,  BT.  UJeeveHKo,  O.B.  Cpiuoe,  2000r. 
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